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Instructions to Authors 


1. Prior Publication 


Submission of a manuscript to the Editors involves the tacit assurance that no 
similar paper, other than an abstract or preliminary report, has been, or will be, 
submitted for publication. 


2. Form and Style of Manuscript 


Manuscripts should be typed with triple spacing throughout, and only the 
original copy should be submitted. Before being mailed to the Managing Editor, 
all errors in typing should be corrected, and the spelling of proper names and of 
words in foreign languages, the accuracy of direct quotations, and the correctness 
of analytical data, as well as of numerical values in tables and in the text, should 
be carefully verified by the author. Care in grammatical construction is essential; 
vague, obscure, or ambiguous statements must be avoided. As the Journal is 
read by chemists in foreign countries, technical neologisms and “laboratory slang” 
should not be used; when unavoidable, such terms should be defined. Variations 
from standard nomenclature and all arbitrary abbreviations should be explained. 
The forms of spelling and abbreviation used in current issues of the Journal should 
be employed, and for chemical terms the usage of the American Chemical Society 
as illustrated by the indexes of Chemical Abstracts should be followed. Separate 
sheets should be used for the following: (a) title page, (b) bibliography, (c) foot- 
notes, (d) legends for figures, (e) tables, (f) other inserts. All, except the title 
page, should follow the text, and the sheets should be numbered consecutively with 
it. The title page should carry the title of the paper, the authorship, and the 
name of the institution or laboratory of origin. 


3. Title 


The title should be as short as is consistent with clarity; in most instances two 
printed lines are adequate to give a clear indication of the subject matter of the 
paper. The title should not include chemical formulas, but chemical symbols may 
be used to indicate the structure of isotopically labeled compounds. A running 
title should be provided (not to exceed 38 characters and spaces). 


4. Organization of Manuscript 


A desirable plan for the organization of a paper is the following: (a) introductory 
statement, (b) Experimental (or Methods), (c) Results, (d) Discussion, (e) Sum- 
mary, (f) Bibliography. The approximate location of the tables and figures in 
the text should be indicated. 

(a) The introduction should state the purpose of the investigation and its rela- 
tion to other work in the same field, but extensive reviews of the literature should 
not be given. A brief statement of the principal findings is helpful to the reader. 

(b) The description of the experimental procedures should be as brief as is com- 
patible with the possibility of repetition of the work. Published procedures, unless 
extensively modified, should be referred to only by citation in the bibliography. 
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(c) The results are normally presented in tables or charts and should be described é 


with a minimum of discussion. 


(d) The discussion should be restricted to the significance of the data obtained. | 


Unsupported hypotheses should be avoided. 

(e) Every paper must conclude with a brief summary in which the essential results 
of the investigation are succinctly outlined. 

(f) The bibliography should conform in all details to the style used in current 
issues of the Journal. In the case of books, the author’s name with initials, the 
title in full, the place of publication, the edition if other than the first, the page, 
and the year of publication should be cited, in this order. Responsibility for the 
accuracy of bibliographic references rests entirely with the author; all should be 
confirmed by comparison of the final manuscript with the original publications. 
References to “unpublished experiments,” “personal communications,”’ etc., must 
be given in foot-notes, and not included in the bibliography. References to papers 
which have been accepted for publication, but have not appeared, should be cited 
like other references with the abbreviated name of the journal followed by the 
words “‘in press.” It is advisable that copies of such papers be submitted to the 
Editors whenever the findings described in them have a direct bearing on the paper 
whose publication is requested. 


5. Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be made by the use 
of formulas when these can be printed in single horizontal lines of type. The 
use of structural formulas in running text should be avoided. Chemical equa- 
tions, structural formulas, and mathematical formulas should be centered between 
successive lines of text. Unusually complicated structural formulas or mathe- 
matical equations which cannot conveniently be set in type should be drawn in 
India ink on a separate sheet in form suitable for reproduction by photoengraving 
(example, J. Biol. Chem., 181, 56 (1949)). 


6. Tables 


For aid in designing tables in an acceptable style, reference should be made to 
current issues of the Journal. A table should be constructed so as to be intelligible 
without reference to the text. Only essential data should be tabulated. Every 
table should be provided with an explanatory caption, and each column should 
carry an appropriate heading. Units of measure must always be clearly indicated. 
If an experimental condition, such as the number of animals, dosage, concentration 
of a compound, etc., is the same for all of the tabulated experiments, this informa- 
tion should be given in the text or in a statement accompanying the table, and 
not in a column of identical figures in the table. 

The presentation of large masses of essentially similar data should be avoided, 
and, whenever space can be saved thereby, statistical methods should be em- 
ployed by tabulation of the number of individual results and the mean values with 
their standard deviations or the ranges within which they fall. A statement that 
a significant difference exists between the mean values of two groups of data should 
be accompanied by the probability derived from the test of significance applied. 
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Only in exceptional cases, the necessity for which must be clearly demonstrated, 
may the same data be published in two forms, such as a table and a line figure. 


7. Illustrations 


The preparation of illustrations is particularly important, and authors are re- 
quested to follow carefully the directions given below. In case of doubt, the 
Editorial Office will gladly supply specific information. 

It is helpful to the Editorial Office if all charts and drawings are submitted on 
sheets 8} by 11 inches in size. Large size drawings or those much smaller than 
manuscript sheets are difficult to handle. 

Charts should be planned so as to eliminate waste space, yet be provided with 
sufficient margin for labeling and for instructions about reproduction. Curves 
that can be placed on one chart without undue crowding should not be given in sepa- 
rate charts. The drawings should be made on Bristol board, blue tracing cloth, 
or on coordinate paper printed in light blue. Mounting on heavy cardboard is 
undesirable. Photoengravings made from photographic prints are inferior to those 
prepared from the original drawings, which should, therefore, be submitted when- 
ever possible. If it is necessary to submit photographic prints, because of the 
excessive size of the originals, these should be carefully prepared. All parts of the 
chart should be in even focus, and rules and lettering should be fairly thick, as well 
as large enough for the necessary reduction. When oversized original drawings 
are submitted, a set of small photographic prints is convenient for the use of ref- 
erees. 

All charts should be ruled off on all four sides close to the area occupied by the 
curves, and descriptive matter placed on the ordinate and abscissa should not 
extend beyond the limits of these rules. Black India ink should be used through- 
out. Letters and figures should be uniform in size and large enough so that no 
character will be less than 2 mm. high after reduction (maximal page width 44 
inches). 

The scales used in plotting the data should be indicated by short index lines 
perpendicular to the marginal rules of the drawing on all four sides, unless more 
than one scale is used on the ordinates, at such intervals that interpolation will 
permit reasonably accurate evaluation of experimental points. Points of observa- 
tion should be indicated by symbols drawn with instruments. The significance 
of the symbols should be explained on the chart or in the legend. If they are not 
explained on the face of the chart, only standard characters, of which the printer 
has type, should be employed (X, O, @, 0, @, A, A, ©). 

Photographs submitted for half-tone reproduction should be printed on white, 
glossy paper. The cost of half-tone reproductions will be charged to the authors. 

Each chart, graph, or illustration should be clearly identified, on the margin, 
with the authors’ names and the number of the figure. Each must also be ac- 
companied by an explanatory legend. 


8. Proof-Reading 


Authors are responsible for the reading of galley and page proof. The cost of 
changes, other than correction of printer’s errors, will be charged to authors. 
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9. Reprints 


Reprints will be issued only when ordered by authors. When they are to be 
charged to an institution, an official purchase order must be supplied in addition 
to the order form submitted with the proof. All orders, including the purchase 
orders, must be sent to the Editorial Office of the Journal. The total number of 
reprints must be ordered when galley proof is returned to the Editorial Office. ‘Re- 
prints are made at the time the Journal is printed and the type is destroyed at once. 
Therefore, additional reprints cannot be supplied after an issue of the Journal is 
printed except by a photo-offset method. The cost of such reproduction is many 
times greater than that of reprints printed from the original type. 
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In line 8, page 69, Vol. 197, No. 1, July, 1952, read 0.05 u phosphate buffer for 0.5 m 
phosphate buffer. 
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ENZYMATIC SUSCEPTIBILITY OF COMPARABLE N-ACYLATED 
L-, D-- AND DEHYDROAMINO ACIDS 


By KRISHNARAU R. RAO,* SANFORD M. BIRNBAUM, anv JESSE P. 
GREENSTEIN 


(From the National Cancer Institute, National Institutes of Health, Bethesda, 
Maryland) 


(Received for publication, January 14, 1953) 


The soluble i peptidases of tissue homogenates comprise a number of 
systems (1, 2), one of which, renal acylase I, has been studied to a con- 
siderable extent in this Laboratory (3-6).! Renal acylase I is essentially 
an intracellular carboxypeptidase, for it requires the presence of a free 
a-carboxyl group in the susceptible substrate (5). Apart from this, its 
specificity requirements are broader than those of the classic pancreatic 
carboxypeptidase, for, unlike the latter enzyme, (a) it acts equally well 
upon cyclohexyl- and phenyl-substituted derivatives, and in general is 
more effective toward acylated aliphatic amino acids than toward aro- 
matic-substituted amino acids (3); (b) it acts upon N-acylamino acids with 
a free a-amino group on the acy] radical (4); and (c) at an appreciable rate 
upon certain acylated pD-amino acids (3, 6).? Its action on N-acylated 
dehydroamino acids has not yet been reported. Pancreatic carboxypep- 
tidase has been reported to be ineffective toward this class of compounds 
(8). The present study is therefore concerned with the susceptibility of 
comparable N-acylated 1-, p-, and dehydroamino acids toward acylase I 
and toward homogenates of hog kidney and liver under identical experi- 
mental conditions. 


EXPERIMENTAL 


The preparation of acylase I (8) as well as of the various substrates 
employed (9) has been described. The digests were composed of 1 cc. of 
enzyme solution, 1 cc. of 0.1 m phosphate buffer at pH 7.0, and 1 cc. of 
0.025 m neutralized substrate. The enzymatic hydrolysis followed a lin- 
ear course to nearly complete hydrolysis. The rates are described as usual 


* Fellow of the Rockefeller Foundation, on leave from the Biochemistry Depart- 
ment, Andhra Medical College, Vizagapatam, India. 

1 This enzyme has been employed in a very general procedure for the resolution of 
some forty racemic amino acids (7). 

2 With N-chloroacetyl derivatives of methionine or alanine, the ratio of the hy- 
drolytic rates of the L to the p isomers is about 10,000 to 30,000 (3). With the N- 
trifluoroacetyl derivatives, however, as shown by Fones and Lee (6), this ratio is 
much smaller. 
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in terms of micromoles of substrate hydrolyzed per hour per mg. of N at 
38°, the enzymatic action being stopped after the substrate was hydrolyzed 
from 10 to 30 per cent. The Van Slyke manometric procedures with nin- 
hydrin and with nitrous acid were used to measure the hydrolysis of the 
saturated peptides, and the evolution of ammonia was used to measure the 
hydrolysis of the dehydropeptides (10). Replicate determinations with 
different preparations of this enzyme agreed to within 5 per cent. 

The tissue homogenates were prepared from freshly frozen specimens of 
hog kidney and liver. In all cases the blanks were subtracted from the 
test determinations. Replicate determinations agreed to within 10 per 
cent. 

Initial Hydrolytic Rates of Comparable Peptides with Renal Acylase I— 
The rates in terms of micromoles of substrate hydrolyzed by acylase I per 
hour per mg. of N at 38° for the N-glycyl, chloroacetyl, and acetyl deriva- 
tives of L-alanine, L-aminobutyric acid, L-valine, L-norvaline, L-leucine, 
L-isoleucine, L-norleucine, and L-phenylalanine range from 106 to 40,500 
(4). With the corresponding derivatives of the p isomers of these amino 
acids, the rates are 0 or nearly 0 (3). With the same derivatives of the 
corresponding dehydroamino acids, the rates are 0 or nearly 0, except for 
glycyldehydroalanine with a rate of 70, chloroacetyldehydroalanine with a 
rate of 740, and acetyldehydroalanine with a rate of 290.3 Both chloro- 
acetyldehydrophenylalanine and glycyldehydrophenylalanine are com- 
pletely resistant to crystalline pancreatic carboxypeptidase. 

Some 80 to 90 per cent of the activity of the kidney homogenate toward 
the glycyl-p- and glycyldehydroamino acids is found in the particulate 
fraction (9, 11). The activity in the soluble fraction toward these two 
classes of compounds, with the exception of that toward glycyldehydro- 
alanine, is little or not at all associated with the acylase I preparation. 
The exceptional position of glycyldehydroalanine as a substrate in this 
connection is probably associated with the capacity of the enzyme to hy- 
drolyze all varieties of N-acylated dehydroalanines. 

The specificity of the enzyme toward the N-acylated dehydroalanines 
is remarkable. Acylase I hydrolyzes the chloroacety] and acetyl deriva- 
tives of most of the L-amino acids about 30 times faster than does the 
kidney homogenate (3).4 The corresponding values, when chloroacetyl- 
dehydroalanine and acetyldehydroalanine are the substrates, are 37 and 


3 The rate of hydrolysis by the hog kidney homogenate under the same conditions 
for chloroacetyldehydroalanine is 20, and for acetyldehydroalanine 10. 

4The exceptions to this observation involve the N-acylated derivatives of L-as- 
partic acid (3) and of L-tryptophan, L-tyrosine, and L-phenylalanine (4), which are 
specific substrates for still another acylase in the kidney (3). The glycyl-L-amino 
acids are hydrolyzed by several peptidase systems in the homogenate, of which 
acylase I constitutes only a relatively small component. 
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29, respectively. These observations are in accord with those noted earlier 
by Shack (12), who found that the degree of purification of an enzyme 
preparation from the soluble fraction of beef kidney homogenates toward 
chloroacetyldehydroalanine and toward chloroacetyl-L-alanine was very 
nearly the same for both substrates. Like acylase I, the purified enzyme 
of Shack could also effect the hydrolysis of both glycyldehydroalanine and 
glycyl-L-alanine. A possible conclusion from these data might be that a 
single enzymatic activity was responsible for the hydrolysis of N-acylated 
L-amino acids and of N-acylated dehydroalanine. The fact that the other 
N-acylated dehydroamino acids are insusceptible to this same enzyme, how- 
ever, remains an obstacle to the acceptance of such a conclusion. There 
may perhaps be three possible explanations; namely, (a) the presence of 
two enzymatic activities in the acylase I preparation, one of which is spe- 
cific toward N-acylated L-amino acids and the other toward N-acylated 
dehydroalanine, (b) the presence of two enzymatic activities, one of which 
is specific toward N-acylated L-alanine and N-acylated dehydroalanine and 
the other toward all other acylated t-amino acids, and (c) the possibility 
that the structure of N-acylated dehydroalanine is unlike that of the other 
acylated dehydroamino acids and may include tautomeric configurations 
not shared with its homologues which satisfy the structural requirements 
of the enzyme. No evidence, however, in favor of any of these possibilities 
has yet been adduced. 

Initial Hydrolytic Rates of Various Peptides with Acylase I—The data in 
Table I on the alanylamino acids indicate that, although a p-alanyl acyl 
radical reduces the susceptibility of the peptide below that observed with 
the L-alanyl radical, the presence of D-alanine in the terminal position re- 
sults in an almost complete resistance to the action of the enzyme. Acyl- 
ase I acts weakly or not at all on amino acid amides, on glycylsarcosine, 
which possesses a methyl group substituent in place of the hydrogen on 
the peptide nitrogen, and on glycylamino acids which possess a methyl or 
ethyl group substituent in place of the a-hydrogen atom of the terminal 
amino acid residue, 7.e., glycylaminoisobutyric acid, glycyl-a,a-diethyl- 
glycine, glycyl-L- and p-isovaline, and a,a-di(glycylamino) propionic acid.® 
The chloroacetyl derivatives of aminoisobutyric acid (5) and L-isovaline 
(13) are weakly, but measurably, hydrolyzed by acylase I. It is interesting 
to note that, although the enzyme hydrolyzes chloroacetyl-L-amino acids 
generally faster than the corresponding glycyl-L-amino acids, the situation 
is apparently reversed in the case of the corresponding chloroacetyl and 
glycyl dipeptides (Table I). The presence of p-alanine in either the middle 
or terminal residues of the tripeptides imparts a nearly complete insus- 


5 These substrates are rapidly hydrolyzed by the aminopeptidase present in the 
particulate fraction of the homogenate (9). 
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ceptibility to the action of the enzyme. The susceptibility of the glycyl 
dipeptides suggests the possible presence of a tripeptidase in the acylase 
preparation. 

Rates of Comparable Peptides with Hog Kidney and Liver Homogenates 
There is a striking constancy in the ratio of the rates of the glycyl- and 
chloroacetyl-L-amino acids with kidney and liver, the rates of these sub- 


TABLE [ 
Initial Hydrolytic Rates of Various Substrates with Acylase I 


Dipeptides Rate Tripeptides Rate 
L-Alanylglycine | 170 | Glycylglycyl-.-alanine 218 
p-Alanylglycine | 17 Glycylglycyl-p-alanine 7 
L-Alanyl-L-alanine ' 1160  Glyeyl-z-alanylglycine 500 
L-Alanyl-p-alanine | 1 Glycyl]-p-alanylglycine 0 
p-Alanyl-p-alanine 0 Glycylglycylglycine 360 
L-Leucinamide 2  Chloroacetylglycy]-.-alanine 9 
p-Leucinamide 0 Chloroacetylglycyl-p-alanine 0 
Glycylglycine 88 Chloroacetylglycylglycine 2 
Glycylsarcosine 5 
Chloroacetylaminoisobutyric Li’ 

acid 
Glycylaminoisobutyric acid 0 | 
Glycyl-a,a-diethylglycine 0 
Chloroacetyl]-L-isovaline 37T 
Glycyl-t-isovaline | ian 
Glycyl-p-isovaline 0 | 
a,e-Di(glycylamino) propionic 0 
acid 
Glycinamide 0 


* Data from Fu and Birnbaum (5). 
{+ Data from Baker et al. (13). 


strates with the kidney homogenates being a little more than 3 times greater 
than with the liver homogenates (Table II). The activity in hog kidney 
homogenates toward glycyl-L-amino acids is shared among (a) the classic, 
relatively labile L-dipeptidase system or systems found in the soluble frac- 
tion, (b) acylase I also found in the soluble fraction, and (c) the amino- 
peptidase of the insoluble particulate fraction (9). The first system con- 
tains the greater part of this activity. Practically all of the activity of the 
same homogenate toward chloroacetyl-L-amino acids is associated with 
acylase I.7 A similar study of the distribution of these activities in the 

¢ The corresponding ratio noted earlier (11) for glycyl-t-alanine with rat kidney 
and liver is 3.6. 

7 The separation achieved by low temperature-alcohol fractionation of hog kidney 
homogenate of the activities toward glycyl-t-alanine and toward chloroacetyl-.- 
alanine (14) involved principally the L-dipeptidase and acylase I systems. 
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sy] various fractions of the liver homogenate has not yet been made, but the 
use constant ratio for the various substrates demonstrated in Table II suggests 
Taste II 
nd Initial Hydrolytic Rates of C Comparable Peptides with Hog Tissue Homogenates* 
ib- t-Peptides Dehydropeptides 
j : eee : a —_ Ratio 
Rate of hydrol- wees Rate of hydrol-| idney 
ysis with to : ysis with 
Substratet rte liver Substrate | ae 
. Kidney’! Liver Kidney | Liver 
: Glycyl-u-alanine | 1090 | 308) 3.5 Glycyldehydroalanine| 310 | 9.8 | 32 
Glyeyl-L-aminobu- | 2880 | 724) 3.3 | Glyeyldehydroamino- | 268 | 0.7 | 383 
) tyric acid butyric acid 
) Glycyl-u-valine | 2720 | 766] 3.5 | Glycyldehydrovaline 46 | 0.2 | 230 
) Glycyl-L-norvaline | 2850 | 1192) 2.4 | Glycyldehydronor- 232 | 1. 5 155 
) valine 
) : Glyeyl-t-leucine 2690 | 892) 3.0 | Glyeyldehydroleucine | 140 | 1.0 | 140 
i Glyeyl-.-isoleucine | 2630 | 792] 3.3 | Glyceyldehydroiso- 25 | 0.2 | 125 
leucine | 
j Glyeyl-L-norleucine —__| 3340 | 1086) 3.1 | Glycyldehydronor- | 195 | 0.9 | 217 
; | leucine | 
f Glycyl-L-phenylala- | 2180 | 582| 3.7 | Glycyldehy dropheny!- | 130 | 0.2 | 650 
i nine | alanine | 
} Chloroacety]-L-al- 440 | 144| 3.0 | Chloroacetyldehydro- | 20 | 3.0} 7 
' anine alanine | | 
Chloroacetyl-t-amino- | 975 | 272! 3.6 | | | 
butyric acid 
Chloroacetyl-u-valine 140 42) 3.3 | | 
Chloroacetyl-.-nor- 1200 | 360) 3.3 | | 
valine | | | 
Chloroacetyl-u-leucine | 630 | 184, 3.3 | | 
Chloroacetyl-t-iso- | 36) 12| 3.4 | | 
leucine | | | 
er Chloroacetyl-t-nor- | 830) 248 3. 0} 
ey leucine | | 
ic, Chloroacety1-.- phenyl-, 30 | 4 2.1 | | Chiasuuletyidehydie- a ae 
Fy alanine | | | siiliedadainle 
0- - The digests consisted ait 1 ce. of a aqueous homogenate, 1 cc. of 0.1 Mm phéaphate 
n- buffer at pH 7.0, and 1 cc. of either water or 0.025 m neutralized substrate. 
he ; + Rates with kidney homogenate of the corresponding glycyl-p-amino acids in 
th the order given: 46, 17, 1, 34, 12, 0.5, 29, and 10. The rates of these substrates with 
liver homogenate were too low to measure. The results were the same when Veronal 
he replaced phosphate as buffer. 
ev t Data from Rao et al. (4). 
7 : that the relative distribution of the activities toward these substrates is 
1 probably the same in the liver as in the kidney homogenates. 


A quite different picture is revealed by the dehydropeptides. The activ- 











6 N-ACYLATED AND DEHYDROAMINO ACIDS 
ity of the liver homogenates toward most of the members of this category 
is relatively low, and in consequence the ratios of activities with kidney to 
liver homogenate are subject to some error. This may contribute in part 
to the lack of constancy in these values. Nevertheless it is clear that the 
values of the ratios obtained are, for the glycyldehydroamino acids at least, 
very much greater than those noted for the corresponding glycyl-L-amino 
acids. Furthermore, it is of interest to note that, although the hydrolytic 
rates of glycyldehydroalanine and of glycyldehydroaminobutyric acid with 
the kidney homogenate are nearly the same, the hydrolytic rate of the 
former substrate with liver homogenate is more than 10 times greater than 
that of the latter. The data in Table II suggest that the distribution of 
activities toward glycyldehydroalanine and toward the other glycyldehy- 
droamino acids in liver homogenates is not the same as in kidney homog- 
enates. 

In kidney homogenates, the hydrolysis of glycyldehydroalanine is ef- 
fected by at least two known systems, namely the soluble acylase I and 
the insoluble, particulate aminopeptidase (9). The other glycyldehydro- 
amino acids, as well as all of the glycyl-p-amino acids studied, are hydro- 
lyzed largely, if not exclusively, by the latter enzyme (9). The extremely 
low activity of the liver homogenates toward the glycyl-p-amino acids 
(Table II) and toward the glycyldehydroamino acids, with exception of 
glycyldehydroalanine, may therefore be attributed to a relative deficiency 
in the liver of an enzyme of the type of the insoluble renal aminopeptidase. 
Glycyldehydroalanine, on the other hand, is hydrolyzed almost exclusively 
in the liver homogenate by a soluble enzyme of the renal acylase I type. 

Resistance of u-Carnosine to Acylase ]—Hanson and Smith (15) described 
an enzyme in hog kidney which effected the hydrolysis of 8-alanyl-L-his- 
tidine, and to which they gave the designation of carnosinase. 6-Alanyl- 
p-histidine was almost completely resistant to the action of this enzyme. 
We could confirm the observations of Hanson and Smith that homogenates 
of hog kidney effected the hydrolysis of L-carnosine.’ With large amounts 
of acylase I, however, no evidence of hydrolysis of this substrate was noted. 
It must therefore be concluded that carnosinase and acylase I are separate 
enzymes. 

Asymmetric Enzymatic Hydrolysis of Acetyl-pi-histidine—It has been 
shown (16) that acylase I acts asymmetrically on acetyl-pL-histidine, and 
that from the digestion mixture L- and p-histidine can be isolated in good 


8 At pH 8, homogenates of rat liver possess a very weak but measurable hydrolytic 
activity toward glycyl-p-alanine, which is almost one-fiftieth that possessed by simi- 
lar homogenates of rat kidney (11). 

® The L-carnosine was prepared (15) as the crystalline monohydrochloride salt. 
Calculated, C 41.2, H 5.4, N 21.3, Cl 13.5; found, C 41.3, H 5.5, N 21.0, C1 13.2. [a], 
at 25° = +12.5° for a 2 per cent solution in 5 n HCl. 
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yield and in a state of high optical purity. A report by Utzino and Nishio 
(17) has recently come to our attention in which these authors state that, 
after 48 hours of incubation at 37° and at pH 6.2, acetyl-p.-histidine was 
80 per cent hydrolyzed by hog kidney aqueous homogenate. These results 
implied that a considerable hydrolysis of the acetyl-p-histidine component 
of the racemate occurred, and they can be reconciled with our results with 
acylase I only on the basis that the homogenate contains still another 
acylase capable of acting upon this acylated p-amino acid. We have care- 
fully repeated the digestion experiment of Utzino and Nishio under their 
conditions with acetyl-pt-histidine and hog kidney homogenate, with the 
exception that we followed the course of the hydrolysis with manometric 
ninhydrin measurements instead of the formol titration procedure used by 
these authors. Our results showed a maximal hydrolysis of exactly 50 per 
cent, and therefore in the hog tissue available to us we are disinclined to 
credit the presence of any system capable of effecting the hydrolysis of 
acetyl-p-histidine. 


SUMMARY 


Hog kidney acylase I has been studied with a series of comparable N- 
acylated L-, D-, and dehydroamino acids. The enzyme appreciably hydro- 
lyzed all of the N-acylated L-amino acids studied except glycyl-t-isovaline, 
none of the N-acylated p-amino acids, and only N-acylated dehydroalanine 
of all the dehydropeptides investigated. The insusceptibility of glycyl-.- 
isovaline was shared with all the compounds tested with alkyl substituents 
in place of the a-hydrogen of the terminal amino acid residues; 7.¢., glycyl- 
aminoisobutyric acid, etc. The enzyme had little or no action on amino 
acid amides or chloroacetyl dipeptides. It effected the hydrolysis at an 
appreciable rate of N-glycyl dipeptides, provided no p-amino acid was in 
the chain. 

The hydrolytic rates of the glycyl- and the chloroacetyl-L-amino acids 
with hog kidney are uniformly greater by a little more than 3-fold than 
those with hog liver homogenates. The hydrolytic rate of glycyldehydro- 
alanine with kidney homogenates was about 30 times that with liver ho- 
mogenates; for the other glycyldehydroamino acids studied, this ratio was 
much greater. The liver homogenates possessed little or no capacity to 
hydrolyze the glycyl-p-arnino acids. The results suggest a relative lack in 
the liver homogenates of an aminopeptidase of the type found in kidney. 

Acylase I has no action on 8-alanyl]-t-histidine, and is therefore a sepa- 
rate enzyme from the carnosinase of Hanson and Smith, the presence of 
which enzyme in hog kidney homogenate was confirmed. In contrast with 
the results of Utzino and Nishio, no evidence for the hydrolysis of acety]- 
DL-histidine with hog kidney homogenate beyond a maximum of 50 per 
cent could be obtained. 
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URICOLYSIS IN NORMAL MAN 
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of The City of New York, Inc., New York, New York) 


(Received for publication, January 22, 1953) 


The réle of uricolysis in the metabolism of uric acid in man has long 
been a subject of controversy. Early workers (1, 2), on the basis of in- 
complete recoveries in human urine of intravenously injected uric acid, 
favored the occurrence of the destruction of uric acid. Following the 
injection of uric acid-N'® Benedict et al. (3) calculated the rates of uric acid 
production in three normal men and found that these rates exceeded those 
of simultaneous urinary excretion of uric acid by 100 to 250 mg. per day. 
From 71 to 84 per cent of the uric acid formed each day was recovered in 
the urine, indicating that uric acid was disposed of by routes other than 
urinary excretion. Buzard et al. (4) recently confirmed this finding in 
three normal subjects in which the corresponding recoveries ranged from 
60 to 75 per cent. 

These findings of themselves did not demonstrate the occurrence of 
uricolysis in view of uncertainties as to losses of uric acid in sweat and in 
feces. However, the finding of small though significant concentrations of 
N! in randomly collected samples of urinary urea and ammonia after 
intravenous injection of uric acid-1,3-N' (8, 5) indicated that breakdown 
of the uric acid molecule contributed to the discrepancy between uric acid 
production and urinary excretion. 

Geren et al. (6) reported the almost quantitative recovery of N* as uric 
acid in the urine excreted during 5 days following intravenous injection 
of uric acid-N" into a normal man. They failed to find significant concen- 
trations of N** in urinary urea and ammonia in this experiment, but follow- 
ing oral administration of the same test material they recovered 47 per cent 
of the administered N'* in urinary urea in the succeeding 3 days. These 
findings, together with those from our laboratory, suggested that the gastro- 
intestinal canal was a likely site of uricolysis and that the destruction of 
uric acid in man might be the result of activity of the intestinal flora. 

In the present study uricolysis has been reinvestigated in a normal man 
following the intravenous injection of uric acid-1,3-N'. In the hope of 
obtaining samples of urea and ammonia which were enriched with N* to a 

* Senior Assistant Surgeon, United States Public Health Service. Present ad- 


dress, National Heart Institute, National Institutes of Health, Bethesda, Mary- 
land. 
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highly significant degree, we have employed a far larger dose of uric acid- 
N' than has hitherto been customary. When it had been established that 
this procedure did indeed yield urea-N* and ammonia-N" in the urine, a 
second experiment upon the same subject was conducted after an effective 
bacteriostasis of the intestinal tract had been established by the ingestion 
of a sulfonamide. This second experiment, identical in all other regards 
with the first, was designed to assess the contribution of the intestinal flora 
to the process being studied. 


EXPERIMENTAL 


Isotopic uric acid labeled with N' in positions 1 and 3 was prepared 
according to Cavalieri, Blair, and Brown (7) and purified by precipitation 
with acetic acid from Li,CO; solution (8). This material had an N' con- 
tent of 28.3 atom per cent excess.! 


C;H,0;N,. Calculated, N 33.8 (corrected for N'5 content); found, N 33.7 


The subject of this study (J. B. W.) was a 27 year-old normal white male 
with no family history of gout and free of any evidence of disease. During 
the study he ingested a relatively constant nutritionally adequate diet con- 
taining 50 to 55 gm. of protein, calculated to contain purines equivalent 
to 2.4 to 3.1 mg. of uric acid daily (9). On this diet his basal uric acid 
output was 433 + 7 mg. daily during the first experiment, and 448 +- 16 
mg. daily during the second experiment. 

Prior to its administration, 1000 mg. of uric acid were dissolved in 50 
ml. of 0.8 per cent Li,CO; solution at 60°. This solution was filtered 
through a sterile Seitz filter, transferred to an infusion bottle, diluted to 
about 400 ml. with sterile 5 per cent glucose solution, and administered 
intravenously over a period of 100 minutes. Less than 0.25 per cent of 
the uric acid-N'® was found to be retained on the filter pad. The authors 
are indebted to Dr. T. F. Yii of The Mount Sinai Hospital, New York, 
who assumed responsibility for all the intravenous injections in this study. 

Urine was collected in 12 hour portions for the first 4 days, and in 24 
hour specimens thereafter through the 14th day. Ammonia and urea were 
promptly determined, and ammonia isolated according to Van Slyke and 
Cullen (10). Urea was isolated as the recrystallized dixanthydryl deriva- 
tive according to Fosse (11). Urine and serum were analyzed for uric acid 
by the differential spectrophotometric method of Kalckar (12), by use of 
a purified uricase prepared according to a modification of the procedure of 
Holmberg (13). The purified uricase employed was generously supplied 

1 The authors wish to acknowledge the assistance of Mrs. Jean D. Benedict in this 


preparation, and the service of Mrs. Eleanor Schroeder and Mr. Frank J. Rennie in 
performance of the isotope analyses. 
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by Dr. Alex Muller of the Massachusetts General Hospital, Boston, to 
whom the authors are deeply grateful. Urinary uric acid was isolated 
according to Geren et al. (6) and purified by precipitation from Li,CO; 
solution (8). After analyses and pending isolations, urine samples were 
preserved in the refrigerator. 

Stools were collected for the first 8 days following the administration of 
uric acid and were analyzed as two 4 day samples for total N'® content 
only. Total nitrogen content of urine and stoo] was determined by the 
usual Kjeldahl procedure (14). 

Samples were prepared for isotopic analysis according to Rittenberg (15). 
All analyses were performed in a 60° mass spectrometer. The abundance 
of N'® in these substances was corrected for natural abundance of N* in 
air from which O2 had been removed (16). In pool size and turnover rate 
computations the calculations employed were those previously described 
(3). 

In a second experiment on the same subject, in addition to the observ- 
ance of the low purine diet, 1.5 gm. of phthalylsulfathiazole were ingested 
every 6 hours for 14 days. On the 4th day of medication, 1000 mg. of 
labeled uric acid were infused, after preparation as described above, over a 
period of 80 minutes. 3 months elapsed between the first and second ex- 
periments and uric acid isolated from the urine prior to the second experi- 
ment showed no detectable residual enrichment of isotope. Stool cultures 
during and after the administration of phthalylsulfathiazole were carried 
out on beef heart infusion broth (17), beef heart infusion agar with and 
without the addition of 0.0005 per cent p-aminobenzoic acid (17), and 
Brewer’s thioglycolate medium (18) by Dr. Jules Freund of the Division 
of Applied Immunology of this Institute. The authors wish to express 
their appreciation of this assistance. 

In a third experiment on the same subject, 200 mg. of uric acid-N'® were 
injected as its lithium salt, dissolved in 5 per cent glucose solution. The 
basal uric acid excretion at this time was 450 + 10 mg. perday. Observa- 
tions in this experiment were limited to the isotope concentrations in the 
urinary uric acid samples. 


DISCUSSION 


Occurrence of Uricolysis in Normal Man—From the values in Table I, 
Experiment I, it can be seen that highly significant concentrations of N' 
were found both in urinary urea and in urinary ammonia following the 
intravenous administration of 1000 mg. of uric acid-1,3-N'®. Whereas 
the major portion, about 65 per cent, of the injected uric acid was recovered 
unchanged in the urine excreted in the 14 days succeeding the injection, 
some 17 per cent of the isotopic nitrogen was recovered as urinary urea 


TaBLeE I 





Urinary Excretion of Nitrogenous Constituents 

The isotope concentrations and the quantities of N'* (mg. N X N!5 atom per 
cent excess) in uric acid, urea, ammonia, and total nitrogen in the urine are given for | 
the 14 days following intravenous injection of 1000 mg. of uric acid-1,3-N'® (atom | E 





























per cent excess = 28.3, 95.74 mg. N!5). Before and during Experiment II the subject | J 
was ingesting phthalylsulfathiazole in bacteriostatic doses. t 
| | Uric 
pen he Volume | Uric acid Urea Ammonia | Total nitrogen jem 
| | ammonia 
Experiment I 
atom | | atom | atom | | atom i 
day | mt. | PELSIM | ng ne | BE Cem |g, | PO CEM ug, ys) POEM mg, IS mg, 
Nis N15 N15 | Nu“ 
0.5 | 260 | 11.120 8.60 | 0.003 0.06 | 0.000 0.00 0.342) 9.11 8.66 
1.0 | 630 | 10.311 | 13.32 | 0.012 | 0.54 | 0.021 | 0.04 | 0.269 14.36 | 13.91 
1.5 | 740 | 8.686 | 8.45 | 0.033 | 1.27 | 0.023 | 0.05 | 0.184) 8.95 9.77 
2.0 | 280 | 7.407 | 4.81 | 0.041 0.92 | 0.017 | 0.04 | 0.1387) 4.76 5.77) | 
2.5| 410] 5.745| 5.85 0.045 | 1.66 | 0.019 | 0.03 | 0.178 8.16 7.55 t 
3.0} 580) 5.119 | 4.19 | 0.041 | 1.81 | 0.015 0.04 , 0.110 | 5.96 | 6.04 Jf 
3.5 | 440 | 3.943) 3.90 | 0.039 | 1.40 0.018 0.04 | 0.125) 5.67 5.34 i 
4.0} 255 | 3.081 | 2.41 | 0.033 | 0.88 | 0.012 | 0.02 | 0.097 | 3.49 3.31 Bg 
5.0| 545 | 2.339 | 3.64 | 0.028 2.26 | 0.019 | 0.07 | 0.061 | 6.17! 5.96 F ‘ 
6.0 | 640 | 1.406 2.33 | 0.018 | 1.65 0.022 | 0.12 | 0.030 | 3.34) 4.09 | 
7.0 | 790 | 0.943 | 1.66 | 0.017 | 1.36 | 0.018 | 0.08 | 0.023 | 2.538 3.10 f é 
8.0 | 1160 | 0.590 | 0.97 0.010 | 0.83 0.013 0.06 0.022 2.59 1.86 ¢ 
9.0 | 830! 0.414} 0.62 | 0.007 0.47 | 0.006 | 0.03 | 0.020 1.98 1.12 ' { 
10.0 | 810} 0.272! 0.40 | 0.006 0.42 | 0.006 | 0.03 | 0.013 | 1.33 0.85 jf ° 
11.0 | 740} 0.194 | 0.30 | 0.003 0.21 0.009 | 0.04 | 0.012; 1.14 0.55 ( 
12.0 | 680} 0.133 0.18 0.004 | 0.25 | 0.016 | 0.05 | 0.007 | 0.60, 0.48 
13.0 700 | 0.101 | 0.15 | 0.002 | 0.15 | 0.006 0.02 | 0.005 | 0.48 0.32 ’ 
14.0 | 670 | 0.079 | 0.12 | 0.004 | 0.23 | 0.006 0.02 0.007 | 0.60 0.38 t 
yt 61.90 16.37 | 0.78 | | 81.22 | 79.06 fy 
“  % of dose. .| 64.7 Pa7t 10.8 | | 84.8 | 82.6 : 
Experiment II ) 
| l | 
0.5 | 340 | 11.277 | 13.19 0.002 0.06 0.017 0.02 | 0.367 13.31 13.28 
1.0 | 530 | 9.693 | 11.63 | 0.018 | 0.73 | 0.019 | 0.05 | 0.231 | 11.38 12.41 
1.5 | 490 | 8.141 | 9.69 | 0.031 | 1.40 | 0.024 0.05 | 0.210 | 10.20 11.14 
2.0) 380) 5.653 6.56 0.036 1.44 0.017 0.05 0.109 5.14 8.04 ' 
2.5 | 440 | 4.493 | 5.21 | 0.0389 | 1.83 | 0.020 | 0.04 | 0.185 | 7.21 7.08 
3.0 | 310 3.623 | 2.75 0.035 | 1.32 | 0.017 | 0.04 | 0.082; 3.59 | 4.11 
3.5 | 390 | 2.841 | 3.12 0.031 | 1.63 | 0.016 | 0.05 | 0.061 | 3.80 4.80 
4.0 | 275 | 2.379 | 1.86 0.026 1.04 | 0.010 | 0.02 | 0.048 | 2.22 2.92 
4.5 | 245 | 1.997 1.06 | 0.023 | 0.61 | 0.012 | 0.01 | 0.062 | 1.92 1.69 
5.0 | 460 | 1.671 | 1.94 | 0.018 | 1.05 ; 0.009 | 0.04 0.0388 | 2.78 | 3.02 
6.0 | 660, 1.090; 1.77 | 0.013 | 1.10 | 0.003 | 0.02 | 0.0384 3.55 2.89 
306; 2% 


7.0; 670, 0.846 1.32 0.011 0.93 0.004 0.02 0.021 
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TABLE I—Concluded 


Uric 


End of act | ; = ; acid + 
period \Volume | Uric acid Urea Ammonia Total nitrogen urea + 
| ammonia 
Experiment II—concluded 
S$ 
atom atom | | atom atom 
‘ per cent 15 ber cent “15 | ber cent , per cent ns "5 
day ml. pisses: mg. Ni ate |e MN | “excess | ™8- NS extées, | Me N15” mg. N! 
Nw Nu | | Nb Nu 


8.0 740 0.594 1.02 0.008 0.74 | 0.004 0.02 0.014 1.51 1 
9.0 705 0.342 0.61 0.009 0.69 | 0.004 0.02 0.004 0.40) 1.5 
10.0 605 0.224 0.38 | 0.006 0.43 | 0.001 0.01 0.007 0.62 0 

11.0 650 0.172 0.27 | 0.004 | 0.31 | 0.002 | 0.01 0.007 0.63 | 0.60 
12.0 730 0.128 | 0.21 | 0.005 | 0.40 | 0.004 | 0.01 | 0.005 0.44 0.62 
13.0 630 0.090 | 0.13 0.003 | 0.26 | 0.004 | 0.01 | 0.004 | 0.32) 0.41 
14.0 790 0.071 | 0.11 | 0.001 | 0.13 | 0.001 | 0.002 0.003 | 0.33 | 0.27 


Total, mg. ......| 62.83 16.10 0.49 
“  O% of dose... 65.6 16.8 0.5 


71.4 
74.6 | 83.0 


and something less than 1 per cent was found in urinary ammonia. In an 
earlier report (3) the finding of some isotope enrichment in urea and in 
ammonia had been noted after the injection of a considerably smaller dose 
of isotopic uric acid. This enrichment had been considered significant at 
that time, although its significance has recently been questioned (19). 
The present results, in which concentrations of N™ in urea of more than 
0.04 atom per cent excess and in ammonia of more than 0.02 atom per cent 
excess (probable error = +0.003 atom per cent excess) have been encoun- 
tered, are considered to be unequivocal in demonstrating that nitrogen 
atoms initially present in human plasma uric acid are delivered to other 
products, including urea and ammonia. 

Of the 95.7 mg. of N!5 injected as uric acid, 61.9 mg. were recovered in 
urinary uric acid in the ensuing 14 days, 16.4 mg. in urinary urea, and 0.8 
mg. in urinary ammonia. The sum of these three fractions, 79 mg., is in 
good agreement with the N' recovered in total urinary nitrogen in the 
same period, 81.2 mg., from which it may be concluded that only small 
quantities of isotope occurred in other urinary nitrogenous constituents. 
In the total N of the feces of the first 8 days, 5.5 mg. of N'® were found 
(Table II). If this is added. to the recovery in the urine, a total recovery 
of 86.7 mg. of N'® can be accounted for, representing more than 90 per cent 
of the administered dose. In Fig. 1 are plotted the cumulative recoveries 
of N'® in the major urinary constituents. 

Effect of Intestinal Bacteriostasis upon Uricolysis—Because of the earlier 
finding of extensive uricolysis when uric acid was ingested rather than in- 
jected (6), it was deemed of importance to repeat the above experiment 











14 URICOLYSIS IN NORMAL MAN 


after achievement of a high degree of intestinal bacteriostasis. It was 
known that a number of bacteria normally found in the human intestine 
have the capacity to destroy uric acid (20, 21), particularly Aerobacter 


TaBLeE II 
Excretion of N'5 in Stools Following Infusion of Uric Acid-N'® 


The stools were collected after intravenous injection of 1000 mg. of uric acid-N'® 
(Experiment I) and analyzed for total nitrogen and N!5. 





















































Period Nitrogen Nb Ns 
m pre - > ae om | atom per cent excess mg. 
1-4 2.56 | 0.133 3.40 
5-8 3.50 | 0.059 2.07 
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Fig. 1. Cumulative recoveries of N'5 in major urinary constituents. The re- 
covery of N'® in each constituent expressed cumulatively in per cent of the admin- 
istered dose has been plotted against time. The data are those of Experiment I. 


aerogenes (22, 23), which may constitute 5 per cent or more of the intestinal 
coliform population (24). Because of its effectiveness as an intestinal 
bacteriostatic agent, phthalylsulfathiazole (25) was selected as the bac- 
teriostatic agent and was administered continuously for 14 days. Stool 
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cultures after 3 and again after 12 days revealed the total absence of Es- 
cherichia coli, A. aerogenes, and enterococci. The only growth in the first 
culture was of a gram-positive spore-bearing rod, and in the second culture, 
in addition, of an unidentified gram-negative coccus. 5 days after discon- 
tinuance of the drug, an apparently normal bacterial growth, predomi- 
nantly E. coli, together with Streptococcus faecalis and Corynebacteria, was 
obtained. 

On the 4th day of drug administration a uric acid experiment, essentially 
identical in procedure to that described above, was initiated (Experiment 
II, Table I). In regard to both total recoveries of N'* and distribution of 
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been plotted against time. The data from control experiment (I) and phthalylsul- 
fathiazole experiment (II) are plotted together on the same coordinates. 


isotope among the urinary constituents studied, a striking similarity is 
apparent in the results of Experiments I and II. Thus, in the latter ex- 
periment 16.8 per cent of the administered N'* was recovered in urea after 
14 days, whereas in the former the corresponding figure was 17.1 per cent. 

With the passage of time after injection of isotopic uric acid, an increas- 
ing fraction of each day’s N' excretion was found in compounds other 
than uric acid. In Fig. 2 are plotted the percentages of N'® in each urine 
sample which were present in urea + ammonia, and it can be seen that 
this value rose to about 50 per cent in the later samples. Data from Ex- 
periments I and II are plotted together on the same coordinates and it is 
apparent that there was no important change in these results incident to 
the inhibition of growth of intestinal flora. The catabolic breakdown of 
uric acid in this subject was essentially uninfluenced by the marked degree 
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of bacteriostasis achieved and these results argue against the active par- 
ticipation of intestinal bacteria in uricolysis in man. 

Size of Miscible Pool of Uric Acid and Rate of Its Turnover—In earlier 
studies from this and other laboratories (3, 6) it was shown that good 
straight lines were obtained if the logarithm of the abundance of N! in 
urinary uric acid were plotted against time, after intravenous injection of 
small amounts of uric acid-N'*. This finding has been interpreted as sup- 
porting the assumptions made in the derivation of the expression 


Kt = In (I0/Z) (1) 


where Jo is the isotope concentration in body uric acid at the moment of 
mixing, J the isotope concentration at time, ¢t, thereafter, and K the frac- 
tion of uric acid replaced per unit time. On a hemilogarithmic plot (Fig. 
3), K = — slope and In J) = intercept. The antilogarithm of the inter- 
cept is used to calculate the size of the miscible pool, A, by the conven- 
tional isotope dilution equation (26) 


A = a(I;/Io — 1) (2) 


where a is the quantity of uric acid injected and J; its isotope concentra- 
tion. The product KA is the quantity of uric acid entering the miscible 
pool per unit time. 

The present experiments were not primarily designed for estimation of 
pool size and turnover, and indeed the procedure employed was not ideal 
for this purpose. By differentiation of Equation 2, and by rearrangement 
of the resultant expression, it can be shown (Equation 3) that the larger 
the ratio of the injected dose of uric acid to pool size, a/A, the larger will 
be the per cent error in determination of pool size, +100(AA/A), arising 
from a given error in Io. 


AA Aly a 
= eof ee = ‘ 
a A hh (: + *) (3) 


Furthermore, the administration of large amounts of uric acid might be 
expected to alter its metabolism in some fashion. Therefore, the size of 
the miscible pool of uric acid and its turnover were determined in this 
subject with a smaller test dose of uric acid-1,3-N', 200 mg. (Experiment 
III, Table III). The hemilogarithmic plots of isotope concentration in 
uric acid versus time for all three experiments are given in Fig. 3, and the 
results, calculated from the best straight lines obtained by the method of 
least squares, are given in Table III. The probable errors of J) and of K 
are obtained by the method of least squares; the probable error of A is 


‘ 


secured from Equation 3. Differences both in turnover rates and pool 
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statistical significance. The best values are judged to be those of Experi- 
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Fig. 3. Hemilogarithmic plots of urinary uric acid isotope concentrations against 
time for the three experiments. 
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TaBLe III 
Magnitude of Miscible Pool of Uric Acid and Its Turnover 

in) oo" : x; >) 
tjeue Fi injected \" enue tae == so en - excretion. | poy tee 
a ee eee oe ere.) “Eee ™ per day ~~“ 
1000 | 28.3 | 18.07 1167 | 0.421) 491 | 433 | 58 
| | -+0.50* +84 | 40.004 | +36 +4¢ | +36 
1000 | 28.3 | 11.11 | 1551 | 0.421} 653 | 448 | 205 
| +0.60 | +137 | 40.005! +58 | +11¢ | +59 
200 28.3 3.85 1272 0.456 580 450 130 
+0.15 +58 +0.008 +28 +7 +29 


* All values represent mean + probable error of the mean. 
+ Based upon the urinary uric acid values of 5 control days and of the experi- 
mental days, those of the first 9 days following the large infusions omitted. 


ment III, in which the assumptions underlying the mathematical treat- 


ment are more nearly fulfilled than in the other experiments. 


A miscible 


pool of 1272 mg. was calculated, with a turnover of 0.456 pool, or 580 mg., 


per day. ‘This value is 130 mg. in excess of the basal excretion of uric acid. 
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Thus about 22 per cent of the uric acid turned over daily is apparently 
disposed of by routes other than excretion as uric acid in this subject. 
This figure is in good agreement with the percentages of the test doses of 
Experiments I and II appearing in urinary urea and ammonia, and in stool 
nitrogen (see Table I). 

In Experiments I and II the linearity of the plots of In J versus ¢ (Fig. 
3, A and B) would appear to be fortuitous for the early days when the 
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Fig. 4. Time courses of serum uric acid levels and urinary uric acid excretions. An 
intravenous infusion of 1000 mg. of uric acid-N!* was given on the Ist day of each 
experiment. The normal serum level of uric acid in this subject was 5.42 + 0.21 mg. 
per cent. The basal excretion of uric acid was 433 + 7 mg. daily during Experiment 
I and 448 + 16 mg. daily during Experiment IT. 


expanded miscible pool had not yet declined to its original size. Other 
conditions being equal, a low and gradually increasing value for K would 
have been anticipated during the early period when the pool was artifi- 
cially expanded. There is a suggestion of such a process in Fig. 3, A. It 
may be that this tendency was offset by the effects of a delay in complete 
mixing of the infused uric acid with that of the pool, for this process would 
give rise to an initial slope steeper than that ultimately attained. It is 
noteworthy, however, that the slopes obtained in Experiments I and II 
after the serum levels had returned to normal (see Fig. 4) did not diverge 
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materially from those of the earlier plot, until after the 10th day. Late 
in each experiment points were obtained which exhibited positive (upward) 
deviation from linearity, a finding previously noted in plots of data ob- 
tained on other normal subjects (3). This phenomenon could result either 
from a return to the circulation of labeled uric acid previously trapped 
outside the readily miscible pool, or from a reincorporation into newly 
synthesized uric acid of N* arising from products of uric acid breakdown. 

Geren et al. (6) proposed two methods of analysis of data from such 
turnover studies. One was identical with Equation 1 above. The other 
was based upon the assumption that the rate of excretion of intravenously 
administered uric acid was proportional to the amount of this substance 
present at any time. This led to the expression 


dz 
ts k(B — z) (4) 


where x is the amount of uric acid excreted at time ¢ expressed as mg. of 
N"® excess, B is the amount of uric acid initially present expressed as mg. 
of N!® excess, and k is the fraction of the residual isotope of the pool ex- 
creted per unit time. However, when the data of Experiments I, II, and 
III were treated according to the integral form of this equation the values 
of k showed a continuous decline in each case. A similar continuous de- 
cline of k was found when the data recorded by Geren et al. (6) were treated 
according to this equation. 
1 B 
t= +(5*-) (5) 


The difficulty in the application of Equation 5 relates to the uncertainty 
inherent in x. Whereas this equation should fit situations in which no 
route of disposal of uric acid other than urinary excretion exists, it does 
not fit the present experiments in which uricolysis, as well as fecal loss of 
uric acid nitrogen, has been demonstrated. Redefining x in various ways, 
we have attempted to correct for such additional routes of disposal, but 
these calculations have proved non-contributory. The method of calcula- 
tion used in Equation 2 is free of assumptions regarding the possible routes 
of disposal of uric acid, since it measures simply the rate at which newly 
formed uric acid is introduced into the miscible pool. A question has re- 
cently been raised as to the relative merits of the two methods of calcula- 
tion (19); the discussion above would favor the use of Equation 2 rather 
than Equation 5. 

Possible Modes of Degradation of Uric Acid—Lucke (27, 28) and Kiirti 
(29) have indicated that uric acid enters the gastrointestinal tract via the 
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gastric juice and bile. It has been known for a great many years that uric 
acid undergoes spontaneous degradation in alkaline mediums. Also, uric 
acid incubated with sterile (Seitz filter) duodenal juice at pH 8.4 has been 
shown to undergo rapid destruction.? At least one organism capable of 
utilizing uric acid as its sole source of nitrogen for growth has been shown 





es a 


to be devoid of uricase but to elaborate an alkaline environment which © 
was thought to be the responsible factor in the breakdown of uric acid for | 
use by these cells (20). It is possible that the breakdown of uric acid in | 
man results from its entry into the gastrointestinal tract in which non- | 


enzymatic degradation occurs. 
An alternative possibility is suggested by the recent demonstration that 
uric acid is oxidized at physiological pH in the presence of the cytochrome- 


cytochrome oxidase system (30). It may be that small amounts of uric 


acid are degraded in human tissues despite the absence of uricase. 


SUMMARY 


The extent of uricolysis in man has been measured by determination of 
the distribution of isotope in urinary uric acid, urea, and ammonia follow- 
ing the intravenous injection of uric acid-1,3-N!5. On the basis of isotope 
recoveries it has been calculated that, of the uric acid administered, some 
18 per cent was degraded to other nitrogenous products which appeared 
in the urine, and about 6 per cent was excreted in the feces, over a 2 week 
period. From considerations of the size of the miscible pool of uric acid 
and its turnover rate, it has been concluded that 78 per cent of uric acid 
was excreted unchanged in the urine. 

Repetition of this experiment in the same subject, while intestinal bac- 
teriostasis was maintained by an oral sulfonamide, resulted in no essential 
alteration in the analytical results procured. 17 per cent of the adminis- 
tered uric acid was degraded to other nitrogenous products appearing in 
the urine during the experimental period. 

These results are taken as proof of the occurrence of uricolysis in normal 
man and as indication that the intestinal flora does not make a major con- 
tribution to this process. 


This investigation was supported in part by a research grant (A-324) 
from the National Institute of Arthritis and Metabolic Diseases, National 
Institutes of Health, United States Public Health Service. 
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THE DETERMINATION OF DESOXYRIBONUCLEASE 
ACTIVITY WITH THE OPTICAL 
ULTRACENTRIFUGE* 


By JACOB G. RABATIN, ROSELYN FRIEDLAND, anp WALTER J. FRAJOLA 


(From the Departments of Physiological Chemistry and Medicine, The Ohio State 
University, Columbus, Ohio) 


(Received for publication, November 12, 1952) 


Viscosimetric (1-4), chemical (5-7), spectrophotometric (7), and mano- 
metric (8, 9) methods have been used extensively for the study of desoxy- 
ribonuclease! activity. Kurnick (10) recently outlined some of the many 
difficulties of the above methods and reported advantages for a methyl 
green-DNA procedure. Use of a methyl] green-DNA complex as the sub- 
strate involves the assumption that the action of DNase on the dye complex 
is identical with DNase action on the non-stained substrate and that the 
degree of staining is directly related to the degree of polymerization of the 
nucleic acid. Evidence that the impairment of methyl green staining of 
nucleic acids cannot be unequivocally correlated with the depolymerization 
of DNA has been reported recently by Alfert (11). 

A quantitative method for the study of DNase activity that is not 
contingent upon acceptance of the above assumptions is herein reported. 
The ideal substrate-enzyme system is that which most nearly resembles 
the conditions of the cell. Since the nucleic acids are mainly present in 
the cells as nucleoprotein, a nucleoprotein would appear to be the substrate 
of choice. Because of the limited solubility of DNP in water or physio- 
logical saline, it has been necessary to use 1 M NaCl as the solvent. In 
this solvent the nucleoprotein is about 30 per cent dissociated.” 

In 1939 Schmidt, Pickels, and Levene (12) observed the sedimentation 
behavior of various preparations of DNA with their analytical ultracentri- 
fuge and concluded that different methods of preparation yielded DNA of 
widely diverse molecular weights. Goldstein and Stern (13) described the 
sedimentation behavior of the products of sonic, thermal, and enzymatic 
depolymerization of DNA. They reported that the products of 120 min- 


* This investigation has been supported in part by a Research Grant (No. C- 
1084(C3)) from the National Cancer Institute, the National Institutes of Health, 
United States Public Health Service, and by grants from the Department of Health, 
State of Ohio, and the Montgomery County (Ohio) Society for Cancer Control. 

1 The following abbreviations will be used in this paper: DNA, desoxyribonucleic 
acid; DNase, desoxyribonuclease; and DNP, calf thymus nucleoprotein. 

2 Unpublished data, Van Winkle, Q., Department of Chemistry, The Ohio State 
University. 
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utes of DNase action on DNA at 30°, when examined in the ultracentrifuge, 
showed no well defined boundary; 7.e., much heavy materia] sedimented at 
very low speeds while some material remained in solution and could not 
be sedimented at very high speeds. In the present investigation, study 
of the extent of the enzymatic degradation of DNP produced by shorter 
intervals of DNase action indicated that the optical ultracentrifuge is an 
ideal tool for the investigation of the enzymatic activity of DNase. 

Williams et al. (14) investigated the enzymatic degradation of serum 
globulins by means of an optical ultracentrifuge. When the products of 
peptic digestion of y-globulins were examined in the ultracentrifuge, bound- 
ary spreading was observed. A theoretical analysis of the factors involved 
in boundary spreading enabled them to determine the heterogeneity of 
their system and to conclude that sedimentation analysis is potentially far 
more powerful than heat or chemical precipitation as a means of following 
the extent of enzymatic degradation. In the DNase experiments to be 
described, two distinct boundaries rather than only boundary spreading 
were observed. 


EXPERIMENTAL 
Materials 


DNP was prepared from fresh calf thymus according to the procedure 
of Mirsky and Pollister (15). DNase (crystallized once) and DNA (highly 
polymerized) were purchased from the Worthington Biochemical Sales 
Company, Freehold, New Jersey. The enzyme was dissolved in 0.1 m 
acetate buffer, pH 5.0. 


Methods 


The enzymatic degradation of DNP was accomplished by treating 5 ml. 
of a 1.1 per cent DNP solution in 1 m NaCl with 0.5 ml. of 0.1 m MgSO, 
and 0.5 ml. of DNase solution at 37°. At specified time intervals, 1.0 ml. 
of 0.82 m sodium citrate was added for complete inhibition of the enzyme. 
The reaction mixture was then examined in the Spinco model E ultra- 
centrifuge at 59,780 r.p.m. at room temperature (approximately 25°) for 
1 hour. Pictures were taken of the sedimentation patterns at regular 
intervals of time during the ultracentrifugation. For comparative pur- 
poses the viscosities of the reaction mixtures were determined at 25° with 
an Ostwald viscosimeter. The effect of enzyme concentration on the rate 
of the reaction was determined by repeating the above experiments with 
various concentrations of DNase and inhibiting all reactions after 20 min- 
utes. 

The optimal concentration of MgSO, was likewise determined by repeat- 
ing the experiments with various dilutions of MgSQ,, while maintaining 
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the concentrations of the enzyme and substrate constant. Each reaction 
was inhibited after 20 minutes. A mixture of pepsin and trypsin (final 
concentration, 0.018 mg. per ml. each) was substituted for DNase in order 
to determine whether proteolytic action could occur under the conditions 





20 40min. 
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Fic. 1. Determination of DNase action with the optical ultracentrifuge. All 
the photographs were taken after 30 minutes of sedimentation at 59,780 r.p.m. a, 
sedimentation behavior of the products of DNase action on DNP after various pe- 
riods of enzyme action; b, effect of changing enzyme concentration on the rate of the 
reaction (time of action 20 minutes); c, effect of added MgSO, (time of action 20 
minutes) ; d, proof of non-proteolytic nature of the action (0, DNP, Mg**, no enzyme; 
PT, the same as 0, but with pepsin and trypsin added (time of action 40 minutes)) ; 
e, effect of DNase on tobacco mosaic virus (TM = no DNase); TM + E, after 30 
minutes of DNase action. 


of the experiment. Enzymatic degradation of tobacco mosaic virus was 
observed when the DNP was replaced by the virus in 0.88 m sucrose solu- 
tion. 

The sedimentation patterns were enlarged and traced so that the areas 
under each sedimenting boundary could be measured with a planimeter. 
Since the areas of the sedimenting components are proportional to their 
concentrations, and because the proportionality constants have not been 
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determined, changes in the areas were used to indicate changes in the 
concentration of the sedimenting components. The sedimentation con- 
stants were calculated and corrected to the solvent viscosity at 25°. 


Results 
The initial substrate, DNP, sedimented as a single very sharp boundary 


(Fig. 1, a, 0 minute). A large drop in the viscosity (Fig. 2) and a slight 


TABLE | 


Comparison of Areas of Sedimenting and Non-Sedimenting Components 


Enzyme concentration Reaction time Total sis Pe jean Meniscus area* 

mg. per ml. min, sq. cm. sq. cm. 
0.036 2 0.248 0.105 
0.036 5 0.245 0.180 
0.036 10 0.205 0.170 
0.036 20 0.217 0.165 
0.010 2 0.235 0.140 
0.010 5 0.240 
0.010 10 0.220 0.162 
0.010 20 0.240 OL. 
0.010 40 0.223 0.195 
0.005 5 0.245 0.185 
0.005 8 0.270 0.190 
0.005 11 0.270 0.150 
0.005 30 0.265 0.170 
0.005 60 0.250 | 0.180 
0.0010 20 0.265 0.190 
0.0015 20 0.275 0.210 
0.0050 20 0.280 0.190 


* The meniscus area is a measure of the slowly sedimenting and non-sedimenting 
components. 


broadening of the single sedimenting boundary, Component A* (Fig. 1, a, 
2 minutes), were observed to occur in the first 2 minutes of DNase action 
upon DNP. Component B, a slower sedimenting boundary, appeared 
between 2 and 5 minutes (Fig. 1, a, 5 minutes). After 10 minutes of DNase 
action, the viscosity decreased to almost that of the solvent mixture, indi- 
‘ating that some reaction or physical change reached an equilibrium state 
(Fig. 2). However, the concentration cf Compsnent A decreased by only 
40 per cent, and that of Component B increased in concentration pro- 


3 The terms ‘(Component A”’ and ‘‘Component B”’ are not meant to indicate single 
chemical entities, but groups of substances of similar size and shape. 
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portionately (Fig. 1, a, 10 minutes). The concentration of the non-sedi- 
menting and slowly sedimenting components and the sum of the concen- 
trations of Components A and B remained relatively constant (Table I). 
The initial increase in the sedimentation constant (Fig. 3) for Component 
A occurred simultaneously with the large decrease in viscosity (Fig. 2). 
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Fig. 2. Effect of DNase on DNP. Changes in relative viscosity compared with 
changes in sedimentation behavior. 5 ml. of 1.1 per cent DNP in 1 m NaCl plus 0.5 
ml. of 0.1 m MgSO, were incubated with 0.5 ml. of 0.012 per cent DNase for various 
time intervals, after which 1.0 ml. of 0.82 m sodium citrate was added. Aliquots 
were used for sedimentation and viscosity measurements. 








When enzyme action was allowed to continue for more than 10 minutes, 
the sedimentation constants of Components A and B remained relatively 
unchanged. When Component A was completely degraded, the concentra- 
tion and sedimentation constant of Component B decreased, and the con- 
centration of the slowly sedimenting components increased. 

The effect of varying the enzyme concentration on the rate of the reac- 
tion is shown in Fig. 1, b. These results are plotted in Figs. 4 and 5. 
For a given enzyme concentration, the relationship of log Ao:A to time was 
linear after a short initial lag period, with A» the concentration of Com- 
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Fig. 3. Changes in the sedimentation constants of Components A and B as a 
function of the time of enzyme action. The sedimentation constants were calcu- 
lated from the experiments illustrated in Fig. 2. 
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ponent A at zero time and A its concentration at time, t. The rate of the 
reaction was directly proportional to the enzyme concentration (Fig. 5). 
The dependence of the reaction on Mg++ concentration is shown in Fig. 
1,c and Fig. 6. The slight broadening of the boundary after 20 minutes of 
enzyme action without added MgSO, (Fig. 1, c, 0 minute) is attributed to 
the presence of trace amounts of MgSO, in the enzyme or substrate prepa- 
ration, and in the NaCl solution. For the enzymatic conditions given 
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Fia. 5. The rate of DNase action on DNP as a function of the concentration of 
DNase. The initial velocity is the change in area under the fast sedimenting bound- 
ary when the products of 20 minutes of DNase action on DNP are subjected to 59,780 
r.p.m. at room temperature for 30 minutes. 





above, the optimal concentration appeared to be between 0.02 and 0.04 m 
MgSO,. Kunitz reported that the optimal amount of MgSO, was de- 
pendent upon the concentration of the substrate (7). 

Inasmuch as the substrate contained protein, and since early prepara- 
tions of DNase were believed to be contaminated with proteolytic en- 
zymes, it was desirable to determine whether proteolysis was occurring. 
Accordingly, a pepsin and trypsin mixture was substituted for the DNase. 
Under the conditions of the previous DNase experiments, the enzymes 
pepsin and trypsin had no detectable effect on the sedimenting pattern of 
DNP (Fig. 1, d). 












30 ULTRACENTRIFUGE STUDY OF DNASE ACTION 


When the DNP solution was replaced by a DNA solution, the sedimen- 
tation behavior of the products of DNase action was not as striking. A 
gradual decrease in the DNA component and the appearance of a single 
polydispersed sedimenting boundary with extensive trailing were observed 


instead of the two boundaries observed with the degradation products of 
DNP. 
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Fig. 6. The rate of DNase action on DNP as influenced by MgSO, addition. 5.0 
ml. of 1.1 per cent DNP in 1 m NaCl, 0.5 ml. of DNase (0.01 mg. per ml.) in 0.1 
acetate buffer, pH 5.0, plus varying amounts of MgSO, allowed to react at 37° for 
20 minutes, at which time 1.0 ml. of 0.82 m sodium citrate was added to inhibit fur- 
ther reaction. 


DISCUSSION 


A study of Fig. 1, a and Fig. 2 indicates that the very rapid initial de- 
crease in the relative viscosity of the reaction mixture is coincident with 
the change from a single very sharp boundary to a slightly more dispersed 
boundary. The viscosity changes were practically complete in less than 5 
minutes, whereas the disappearance of Component A had just begun. 
These results may be interpreted to mean that the initial reaction involves 
a change in the shape of the DNP. Further evidence for the change in 
shape of the substrate is seen in Fig. 4. An initial lag period similar to 
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those observed with the viscosimetric, chemical, and spectrophotometric 
assay methods by Kunitz (7) gives a slight S-shape to the DNase activity 
curves. Generally, if there is no large change in the shape of a particle, 
a decrease in the size of a sedimenting particle should result in a decrease 
in its sedimentation constant. An examination of Fig. 3, however, shows 
that the sedimentation constant of Component A increased markedly dur- 
ing the initial reaction period (0 to 5 minutes). This behavior may also 
be attributed to a change in the shape of the substrate. Investigations on 
the effect of the concentration of the components on their sedimentation 
constants are being planned in order to secure additional information con- 
cerning this reaction. In all likelihood it seems that viscosity is a measure, 
primarily, of a change in shape of the substrate, whereas the sedimentation 
behavior is a measure of a change both in the shape and in the size of the 
substrate. 

When the optical ultracentrifuge data for the DNase action on DNP are 
subjected to the usual kinetic treatment, the results indicate that the con- 
version of Component A to Component B is a first order reaction until 
the substrate becomes limiting (Fig. 4). The rate of the reaction is directly 
proportional to the enzyme concentration (Fig. 5) in agreement with the 
Michaelis-Menten theory. 

This conversion of Component A to Component B appears to be more 
specific than the degradation of DNA by DNase. The sedimentation 
behavior of the products of the latter action (the boundary spreading and 
the extensive trailing boundary) indicated that degradation consisted of a 
breakdown into many smaller particles of greatly varying size and shape. 
Inspection of Fig. 1, a, b, or c shows that the degradation of DNP by DNase 
produces only one new boundary. This is believed to indicate that Com- 
ponent A is degraded into particles of approximately equal size and shape; 
otherwise, more than one new boundary would have been observed. If 
particles too small to sediment were produced, the decrease in the area of 
the sedimenting components should result in an increase in the area of the 
non-sedimenting boundary. Inspection of Table I indicates that the sum 
of the areas under Components A and B remained relatively constant. 
No change in the non-sedimenting boundary was noted. It seems that 
the enzymatic attack on DNP is specific in that like particles are produced. 

It is, therefore, interesting to speculate on the number of such particles 
that are produced. The relationship between the sedimentation constants 
of Components A and B (S4, Ss) and their mass or relative size can be 
calculated if it is assumed that the particles of Components A or B are 
spheres of equal density. If Component A were degraded into 100 similar 
particles (Component B), the calculated ratio of the sedimentation con- 
stants, S4:Sg, would be 21.6. On the other hand, if Component A were 
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merely split in half, S4:Sg would be 1.59. The ratio of the experimentally 
determined sedimentation constants was 1.25. To assume a spherical 
shape for Component A is probably incorrect. However, the direction of 
the variation of the experimental ratio from the theoretical 1.59 may 
possibly indicate that particles of Component A are degraded into a small 
number of like particles of Component B. wiatineanneys designed to clarify 
this reaction further are contemplated. 

The degradation of Component B into other components or particles was 
observed after 2 hours of enzyme action. No separation of these products 
into distinct boundary components was observed upon ultracentrifugation. 
It may be inferred from the increased non-sedimenting boundary that 
random cleavage into many particles of varying sizes occurred. 

A review of the above observations and conclusions suggests the follow- 
ing mechanism for the mode of action of DNase upon DNP under the 
conditions described: 


DNP — Component A — n Component B — other products 


Change Change 
of shape of size 


where n = 2, 3, or 4. 

Investigations now in progress indicate that the ultracentrifuge method 
for the study of DNase action is applicable to the study of DNase inhibi- 
tors, the enzymatic degradation of tobacco mosaic virus, and the effect of 
x-rays on DNP and DNase. 


SUMMARY 


1. A quantitative method for the study of desoxyribonuclease activity 
by means of the optical ultracentrifuge has been described. 

2. Evidence is presented indicating that the degradation of DNP by 
DNase involves (a) a change in the shape of the DNP, (6) a specific depoly- 
merization (a change in size) producing a small number of like particles, 
and. (c) further cleavage into smaller particles. 
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THE ACETATE ACTIVATING ENZYME SYSTEM OF HEART 
MUSCLE 
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VON KORFF,* anp C. V. RAMAKRISHNANT 


(From the Institute for Enzyme Research, University of Wisconsin, Madison, Wisconsin) 
(Received for publication, December 5, 1952) 


Nachmansohn and Machado (1) discovered a soluble enzyme system in 
extracts of brain tissue which catalyzed the formation of active acetate 
in the presence of ATP! and CoA. Active acetate was detected by the 
acetylation of choline. Later Lipmann (2, 3) reported an enzyme system 
in extracts of pigeon liver which catalyzed the CoA and ATP-dependent 
acetylation of sulfanilamide by acetate. The identification of active ace- 
tate as acetyl CoA by Lynen et al. (4) opened the way for a systematic 
study of the acetate activation system. ; 

The present investigation? deals with the properties of a system prepared 
from heart muscle of pig or rabbit which catalyzes the over-all basic re- 
action, 


(1) ATP + CoA + acetate —- AMP + acetyl CoA + PP 


The assay of the enzyme system is based on trapping acetyl CoA either 
as acethydroxamic acid (Equation 2) or as citrate (Equations 3 and 4) 
in the presence of malic dehydrogenase and the condensing enzyme of 
Ochoa, Stern, and Schneider (6). 


(2) Acetyl CoA + hydroxylamine — acethydroxamic acid + CoA 


(3) Acetyl CoA + oxalacetate = citrate + CoA 
(4) Malate + DPN* @ oxalacetate + DPNH + H+ 


Lipmann and Tuttle (7) were the first to use hydroxylamine as a trapping 
reagent for “activated carboxyl” groups. Stern et al. (8) have introduced 
the coupling possibilities of the reactions shown in Equations 3 and 4. 
Lipmann et al. (9) have made a preliminary announcement of an enzyme 


* Postdoctoral Trainee of the National Heart Institute. 

+ Williams-Waterman Fellow in Enzyme Chemistry. 

1 The following abbreviations will be used: adenosine triphosphate, ATP; aden- 
osine diphosphate, ADP; adenosine-5-phosphate, AMP; diphosphopyridine nucleo- 
tide, DPN; coenzyme A, CoA; acetate activation enzyme, AAE; and inorganic pyro- 
phosphate, PP. 

2 A preliminary account of this work has been given (5). 
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from yeast which catalyzes the activation of acetate according to Equa- 
tion 1. 


Materials and Methods 


Preparation of Enzymes—The acetate activation enzyme (AAE) system 
was prepared in crude form from pig heart muscle as follows: The bicar- 
bonate (0.02 m) extract of an “acetone” powder of fresh, minced muscle 
prepared as described previously (10) was serially precipitated with am- 
monium sulfate at neutral pH, first at 21 gm. per 100 ml. and then at 
42 gm. per 100 ml. The latter was refractionated with ammonium sulfate 
stepwise into three fractions, the middle one of which (precipitated between 
28 and 35 gm. of ammonium sulfate per 100 ml.) showed the highest specific 
activity. All manipulations were carried out at 0°. The precipitates 
were taken up in the minimal volume of 0.02 m potassium bicarbonate and 
the solutions were stored at —10°. The enzyme was stable for an in- 
definite period under these conditions. When the activity of the prepara- 
tion per mg. of protein is relatively high (>3 um of acetate activated per 
15 minutes per mg. at 38°), it is not necessary to remove salts from the solu- 
tion before testing. 

When essentially the same procedure was applied to a mitochondrial 
suspension of rabbit heart as starting material (11), the final preparation 
was found to be about 3 times more active per mg. of dry weight than the 
corresponding preparation from the whole homogenate of pig heart. 

A preparation containing both malic dehydrogenase and condensing en- 
zyme free from the AAE was made from pig heart muscle by a modifica- 
tion (10) of the procedure of Ochoa eé al. (6). 

We are indebted to Dr. 8. A. Kuby for a sample of highly purified ATP- 
creatine transphosphorylase prepared from rabbit skeletal muscle. 

Assay Procedures—The details of, or references for, some of the analytical 
procedures have been given in a previous communication (10). Inorganic 
pyrophosphate was determined as orthophosphate after hydrolysis by yeast 
pyrophosphatase (12, 13). Creatine phosphate was determined as inor- 
ganic phosphate in the Fiske-Subbarow procedure (14) and differentiated 
from inorganic phosphate by the Lowry-Lopez method (15). Sulfhydryl 
was estimated by the method of Grunert and Phillips (16). 

Hydroxamic acid formation was followed by the method of Lipmann 
and Tuttle (17). The incubated enzyme mixture (2 ml.) was cooled to 0° 
and mixed with 1 ml. of hydrochloric acid (1 volume of acid to 3 volumes 
of water) and 1 ml. of a ferric chloride solution (5 per cent in 0.1 N hydro- 
chloric acid). The suspension was clarified by centrifugation. The ab- 
sorption of the supernatant fluid at 540 my was then measured against a 
blank containing all components except acetate. An optical density read- 
ing of 0.16 corresponds to 0.25 um of acethydroxamic acid per ml. 
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Coenzymes—The sources of some of the coenzymes have been given pre- 
viously (10). Acetyl CoA was prepared by interaction of thiolacetic acid 
and CoA by the method of Wilson (18). 

Neutralization of Reagents—The AAE system is sensitive to sodium ions. 
Therefore, all reagents which were added to the enzyme mixture had to be 
sodium-free. The practice of neutralizing all acidic reagents with potas- 
sium hydroxide was routinely followed. Dipotassium ATP (Pabst) was 
used instead of the usual disodium salt. Hydroxylamine with a low salt 
content was prepared as follows: Hydroxylamine hydrochloride (5.6 gm.), 
dissolved in 20 ml. of absolute methyl alcohol, was titrated with potassium 
hydroxide (about 6 gm.) dissolved in 20 ml. of methyl alcohol to about pH 
7.2. In testing the pH of the solution, the aliquot must be diluted at least 
10-fold before measurement. The precipitate of potassium chloride was 
removed by filtration. The solution was then concentrated by distillation 
in vacuo down to about 4 ml. and then diluted with water to 12 ml. The 
amount of hydroxylamine present in the solution was determined by titra- 
tion of an aliquot with standard acid, and, after neutralization with potas- 
sium hydroxide (3 N) to pH 8, the solution was diluted to a final molarity 
of 2.5. 


Results 


Acethydroxamic Assay System—Table I summarizes a component study 
of the system. Fig. 1 shows the dependence of the rate of reaction on the 
concentration of CoA, glutathione, magnesium ions, ATP, acetate, and 
hydroxylamine, respectively. Cysteine is as effective as glutathione. In 
another communication, Von Korff will deal with the strong inhibitory 
effect. of sodium ions on the reaction rate. 

A balance study of the acethydroxamic assay system is summarized in 
Table II. Calcium ions were included in the complete system to inhibit 
pyrophosphatase activity. PP was also identified by isolation as the cad- 
mium salt according to the procedure of Cohen and Kolthoff (19). The 
cadmium salt contained neither an adenine moiety (absence of absorption 
at 260 my) nor inorganic phosphate. The PP content, determined by yeast 
pyrophosphatase (13), accounted for 83 per cent of the phosphate hy- 
drolyzable by 0.1 N acid at 100° in 10 minutes. 

Somewhat more ATP disappears than can be accounted for as AMP, 
but the sum of ADP and AMP formed tallies closely with the amount of 
ATP disappearing. The formation of ADP is referable to the action of 
myokinase whose presence in the AAE preparation of pig heart was demon- 
strated by the procedure of Kielley and Kielley (20). Both the value for 
ATP disappearing and that for AMP formed have been corrected by adding 
to each half the amount of ADP formed. 

The interaction of ATP with acetate and catalytic amounts of CoA to 
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form AMP and PP proceeds in the absence of added hydroxylamine pro- 
vided calcium ions are present and the enzyme preparation contains acety] 
CoA deacylase (21). For this purpose a relatively crude enzyme prepara- 
tion has to be used. Under these conditions acetyl CoA is broken down to 


TABLE I 
Component Study of AAE System with Hydrorylamine As Acyl Acceptor 
The complete system contained ATP (16 um), CoA (0.4 um), magnesium chloride 
(8 uM), acetate (10 um), glutathione (20 um), hydroxylamine (500 um), tris(hydroxy- 
methyl)aminomethane buffer of pH 9.5 (100 um), and AAE (2.5 mg.) in a final volume 
of 2ml. The pH of the mixture was 8.0. The experiment was carried out at 38° for 
30 minutes. 


Hydroxamic acid formed 
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BAAS atch pecs pS cine Reina Bicins: ah Rs dee tecaaic eee 0.26 
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Fig. 1. Activity as a function of the concentration of the various components of 
the hydroxylamine assay system. The standard test system, unless otherwise indi- 


cated, was set up as in the legend to Table I. The blank in each series was the sys- 
tem minus the component under test. 


acetate and CoA, and PP is removed from solution by precipitation with 
calcium. The equilibrium is thus shifted completely in favor of the break- 
down of ATP. 

Formation of Acetyl CoA—When the enzyme is allowed to act upon ace- 
tate, ATP, and stoichiometric amounts of CoA in the absence of hydroxyl- 
amine, an extensive conversion of CoA to acetyl CoA can be demonstrated. 
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The actual yield is determined by the amount of acetyl CoA deacylase 
present in the preparation. 

In a typical experiment 331 um of CoA reduced by sodium amalgam 
were incubated with 720 um of ATP, 840 uM of acetate (labeled in the 
carboxyl group with C'), 240 mg. of AAE and the other reagents except for 
glutathione at the usual concentrations brought to scale (X 60). 200 um 
of potassium borohydride were added to keep CoA in its reduced form. 
After 35 minutes at 38°, the mixture was acidified with perchloric acid to 
pH 2 and clarified by centrifugation. The isolation procedure has es- 
sentially been described in a previous communication by Littlefield and 


TaBLeE II 
Balance Study of AT P-Acetate Reaction with Hydroxylamine As Acyl Acceptor 
The complete system contained magnesium chloride (24 um), calcium chloride 
(60 um), glycine buffer of pH 9 (1200 um), glutathione (120 um), ATP (46.5 um), CoA 
(1.1 um), hydroxylamine (3000 uM), acetate (120 um), and AAE (26 mg.) in a final vol- 
ume of 12.15 ml. The mixture was incubated for 30 minutes at 38°. The results 
are expressed in micromoles. 





| ATP Inorganic | Inorganic 














AM 
| ATP | or ape AMP® Cr ADE pyrophos- | bh osphate 
| formation | formation | phate | 
Be sepia tess Coe | 30.5 | —28.4 | +27.3 | +20.4| +30.8| 0 
Theory based on ATP disap- | 
PEGEANOO>.... bo HSR. Fe | +28.4 +28.4;) 0 


ATP, ADP, and AMP were determined by the column technique of Cohn and 
Carter (25). 
* Corrected for the blank without added acetate. 


Sanadi (22). The hydroxamic acid assay showed that 248 um of an acyl 
CoA had been recovered, representing a yield of 75 per cent based on the 
amount of CoA added. The purity of the crude product in terms of acetyl 
CoA was 56 per cent. 80 per cent of the adenine present, as determined by 
the absorption of the product at 260 my, could be accounted for in the 
form of acetyl CoA. 

Acetyl CoA was identified as citrate after condensation with oxalacetate 
in the presence of the condensing enzyme. The yield of citrate was about 
80 per cent of theory, based on the hydroxamic acid assay. Citrate was 
estimated colorimetrically by the procedure of Natelson et al. (23) and 
shown to be radioactive after extraction into ether and then chromato- 
graphing on paper. We have used the ATP-acetate system preparatively 
for the isolation of relatively large amounts of acetyl CoA. 

Reversibility of Reaction—When acetyl CoA is incubated with the AAE 











40 ACETATE ACTIVATING SYSTEM OF HEART MUSCLE 


system in the presence of PP and AMP, a decline of the hydroxamic re- 
action is observed, with an equivalent liberation of sulfhydryl (Table ITI). 
There is no such decline when either AMP or PP is omitted. The negative 
result in absence of added AMP provides evidence that AMP is not a con- 
taminant of our standard CoA preparation (24), which for this experiment 


TABLE III E 
Reversal of Acetate-ATP Reaction 
The incubation mixture contained magnesium chloride (8 um), glycine buffer of 
pH 9 (200 um), acetyl CoA (3.3 um), and AAE (1.6 mg.) in a final volume of 2.15 ml, 


AMP (43 uM) or potassium pyrophosphate (30 um) was added as indicated. Incuba- 
tion for 30 minutes at 38°. 











Acetyl CoA Sulfhydry]* 
uM weg. 
MURR NMR D ee De oo RS ant titans tiie Cay ios odes SYA o © tie Wid napoes oP 3.3 0 
Incubated without additions...................... 3.0 
es LUE 12.15 1) ee a 3.0 0.25 
ef “ pyrophosphate..................5 3.0 
Ay ‘¢ AMP and pyrophosphate.......... 1.2 1.9 











* Based on glutathione as standard. 


TaBLe IV 
Reversal of Acetate-ATP Reaction with Creatine As Phosphate Acceptor 

The reaction mixture contained magnesium chloride (6 wm), AMP (5 uM), potas- 
sium pyrophosphate (10.7 um), acetyl CoA (5 uo), glycine buffer of pH 9 (150 um), 
AAE (0.8 mg.), ATP-creatine transphosphorylase (2.6 mg.), and solid creatine (10 
mg.) in a final volume of 1.45 ml. Incubated at 38° for 1 hour. The results are 
expressed in micromoles and have been corrected for blanks without either PP or 
acetyl CoA. 





| 


Hydroxamic acid |Inorganic phosphate, Creatine phosphate 














FREE PSM C SEEN tks NOD Be eRe eT. —2.3 +0.25 | +5.0 


had been converted to acetyl CoA by treatment with thiolacetate (18). 
If the reversal reaction is formulated as in Equation 5, 


(5) Acetyl CoA + AMP + PP > ATP + acetate + CoA 


ATP would be expected to be formed when acetyl CoA disappears in the 
presence of AMP and PP. The experiment described in Table IV demon- 
strates that ATP formed in the reversal reaction can be converted to 
creatine phosphate and AMP in the presence of the ATP-creatine trans- 
phosphorylase and myokinase systems according to Equations 6 and 7. 
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(6) ATP + creatine — ADP + creatine phosphate 
(7) 2ADP — AMP + ATP 


If we allow for the recurrent operation of Equation 7, the balance equation 
would be 


A 
(8) Acetyl CoA + PP + 2 creatine A acetate + 2 creatine phosphate + CoA 


Creatine phosphate was determined as the difference between apparent 
inorganic (Fiske-Subbarow) phosphate and true inorganic (Lowry-Lopez) 
phosphate after correction for the slow breakdown of PP in the former 
method. Myokinase was present in the crude preparation of the AAE 
system used in the balance study. ATP-creatine transphosphorylase was 
added as a supplement. 

Specificity of System—The AAE system of pig heart muscle is active 
only with acetate and propionate, the latter showing about half the ac- 
tivity of the former. Ethyl acetate, thiolacetate, butyrate, acetylglycine, 
acetoacetate, and succinate were inactive. 

Citrate Assay System—Although the hydroxamic acid assay system has 
the virtue of simplicity, it has one serious drawback in studies directed 
at the purification of the enzyme. As purification proceeds, the rate of 
reaction with hydroxylamine no longer serves as a reliable measure of en- 
zymatic activity (see Fig. 2). This circumstance has compelled us to 
devise a more satisfactory assay system which is based on the reactions of 
Equations 3 and 4. The rate of DPN reduction in the presence of an ex- 
cess of malic dehydrogenase and condensing enzyme is a reliable index of 
the concentration of the AAE system (see Fig. 3). The component and 
balance studies for the second assay system are shown in Tables V and VI. 
The assay of ATP and AMP by the Cohn-Carter column procedure (25) 
is interfered with by DPN and DPNH. But qualitatively the column 
procedure confirmed the disappearance of ATP and the appearance of an 
equivalent amount of AMP. 

Number of Enzymes in AAE System—The reaction described by Equa- 
tion 1 is probably a composite one consisting of two separate reactions 
which can be provisionally represented as follows: 


(1, a) ATP + CoA — [ATP-CoA] 

(1, b) [ATP-CoA] + acetate ~ AMP + PP + acetyl CoA 

The compound enclosed in brackets was previously visualized as CoA 
pyrophosphate (5, 9). To date our experiments do not point to the ac- 
cumulation of any significant amount of such an intermediate. 


In so far as our studies on the purification of the AAE system permit a 
conclusion, there appears to be no evidence that more than one enzyme is 
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involved or that the system can be resolved into more than one enzymatic 
component. 

Although evidence for a limited interaction of ATP with CoA has been 
obtained by following the disappearance of sulfhydryl, a reversal in the 
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Fig. 2. Specific activity of different fractions of AAE as measured by two assay 
systems. The conditions for the hydroxylamine and oxalacetate assay procedures 
are as in the legends to Tables I and V, respectively. The comparison was made on 
different fractions obtained by fractionating the AAE seriatim with saturated am- 
monium sulfate. The numbers on the ordinate represent the range of saturation in 
per cent in which the precipitation of the fraction was carried out. Specific activity 
is defined as the micromoles of acetate metabolized per mg. of enzyme per 15 min- 
utes at 38°. 

Fie. 3. Activity as a function of the concentration of AAE. Details as in the 
legend to Table V. i 
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Fig. 4. Spectrophotometric demonstration of acetyl CoA formation by the AAE 
system. The complete system contained ATP (0.2 um), reduced CoA (0.1 um), mag- 
nesium chloride (6 uM), acetate (30 um), glycine buffer of pH 9 (300 um), and AAE 
(135 y). Final volume 3.0 ml. The optical path in the cuvette was 1 em. Allow- 
ance has been made for the increase in density due to acetate. The corrected in- 
crease in optical density at 230 mu corresponds to the conversion of 48 per cent of 
available CoA to acetyl CoA. 
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way of an interaction of acetyl CoA with PP in the absence of AMP could 
not be obtained (see Table III). Such a reversal would have been evi- 


TABLE V 
Component Study of AAE System with Oxalacetate As Acyl Acceptor 

The complete system contained ATP (5 um), DPN (4 um), CoA (0.13 um), mag- 
nesium chloride (4 uM), tris(hydroxymethyl)aminomethane buffer of pH 9.0 (100 
uM), acetate (10 um), supplementary enzyme fraction containing malic dehydrogenase 
and condensing enzyme (0.5 mg.), L-malate (5 um), glutathione (10 um), and AAE 
(0.11 mg.) in a final volume of | ml. The reaction was stopped at the end of 15 min- 
utes by the addition of 5 ml. of 0.5 m phosphate buffer of pH 7.4.* The experiment 
was carried out at 38°. 





DPNH formed 
ue 
Complete SYStenl: 3. cd.s ventas coaeg er onn oes en eee 1.48 
INANE Eas ih esis okay Ola ae Sie get ea Re ee 0.09 
COE ee sae chaise bee 56 as, aca iw ea ered RT re ee eee 0.18 
‘SR UNGRIUROTONG ht Sac oe soe A 5 ene mee ean eee 0.20 
#8 OGL Oooo: 5:5 cca 'c activa Cis ta av dee eae RP RT ee re | 0.16 
‘* malic dehydrogenase and condensing enzyme......... 0.58 
06 TBTAUE sss eh oes ea ee er aes 0.09 
$0 CRA RIO 0 os aac 3 co. h 24 od bce ea eee ae ars 0.13 





* The reaction does not proceed in the presence of 0.4 Mm thhoophate bale 


TaBLe VI 
Balance Study of ATP-Acetate Reaction with Oxalacetate As Acyl Acceptor 
The system was set up as in the legend to Table V but on a scale 14 times as 
great. Calcium chloride was also added in a concentration of 22 um per ml. The 
experiment was carried out at 38° for 60 minutes. The results are expressed in mi- 
cromoles. 





| | 
| DPNH Citrate _pytophes | cai 
| pha 
| re ‘aaeneed a = 
he cps troche ee | +384) 438.5 7.4)" | +37.0| +0.2 
Theory based on DPNH formation.. +36.4 | +36.4 oie 


* Corrected for the equilibrium between isocitric acid, citric acid, and cis-aconitic 
acid which is catalyzed by aconitase present as an impurity in the AAE system. 


dence for pyrophosphoryl CoA as an intermediate. The nature of the 
intermediate formed by interaction of CoA and ATP still remains to be 
determined. 

Spectrophotometric Assay of AAE System—Stadtman (26) has recently 
shown that the activity of the transacetylase system of Clostridium kluy- 
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vert can be followed spectrophotometrically at 230 my when the enzyme 
is incubated with a mixture of acetyl phosphate and CoA. Thiol esters 
as a class show a band with a maximum at about 230 mp. The activity 
of the AAE system can also be followed spectrophotometrically at 230 
my when the enzyme is allowed to act upon ATP, acetate, and CoA (Fig. 
4). The high absorption of ATP and enzyme at 230 my imposes a practical 
limit to the amount of chemical change which can be measured conven- 
iently under conditions of routine spectrophotometry. 


SUMMARY 


An enzyme system has been prepared from pig and rabbit heart which 
catalyzes the reversible conversion of acetate and CoA to acetyl CoA and 
the simultaneous conversion of ATP to AMP and inorganic pyrophosphate. 
The assay, properties, and kinetics of the enzyme system are described. 


This investigation was supported by a grant from the National Heart 
Institute, United States Public Health Service, and from the Atomic 
Energy Commission. 
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THE PURIFICATION OF COENZYME A BY ION EXCHANGE 
CHROMATOGRAPHY 


By E. R. STADTMAN anv ARTHUR KORNBERG 


(From the Section on Cellular Physiology, National Heart Institute, and the National 
Institute of Arthritis and Metabolic Diseases, National Institutes of Health, United 
States Public Health Service, Bethesda, Maryland) 


(Received for publication, December 22, 1952) 


With the increasing demand for coenzyme A (CoA) to be used as a sub- 
strate in enzyme studies, a need has developed for additional methods of 
isolating this substance from natural sources. Two methods have been 
published whereby CoA of reasonably high purity can be prepared (1, 2). 
Both of these procedures are lengthy and the over-all yields are relatively 
poor (10 to 30 per cent). One of these methods is relatively expensive, 
since large amounts of glutathione are required (2). 

In the present communication a method is described for the preparation 
of CoA of 50 to 65 per cent purity from crude yeast extract in fair yield 
(50 to 55 per cent) by a relatively simple two-step chromatographic pro- 
cedure. In this procedure the CoA is adsorbed on charcoal and is con- 
centrated by selective elution with ammoniacal acetone. The CoA con- 
centrate thus obtained is adsorbed on a Dowex | resin and is isolated as a 
distinct fraction by elution with strong buffer. The final product contains 
200 to 270 units (1) of CoA per mg. 


Materials and Methods! 


Preparation of Charcoal—Acid-treated, degassed charcoal is prepared by 
suspending about 400 gm. of unground Nuchar C charcoal in 4 liters of 
6 n HCl. The suspension, in two 4 liter flasks, is kept under a vacuum 
overnight during which time the charcoal settles, leaving a clear super- 
natant solution. Sufficient charcoal is transferred to a large glass column 
(10 cm. in diameter) to give a bed height of 29cm. The glass column is 
fitted at the bottom with a stainless steel screen (80 mesh) which is packed 
around the edges with glass wool. The charcoal is washed with distilled 
water until the pH of the effluent is 3.5 to 4.0. 

Preparation of Resin—Dowex 1 X 2 (2 per cent cross-linked resin)? 


1 All operations are carried out at room temperature unless otherwise indicated. 

2 Dowex 1 X 10 (10 per cent cross-linked resin) was previously tested by us and 
found unsatisfactory for CoA isolation. We are indebted to Dr. Waldo Cohn, who 
called our attention to the availability of Dowex resins with low cross-linkage (low 
divinylbenzene content). 
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(200 to 400 mesh) is washed by suspending 5 pounds in 30 liters of 3 n 
HCl. The suspension is stirred mechanically for 8 hours and then allowed 
to settle for 2 days and the supernatant solution is decanted. This step 
is repeated three to four times until the ultraviolet absorption of the 
supernatant solution at 260 my is 0.080 or less in a 1 em. cell. The resin 
is washed with 30 liter batches of water (two to three times) until the test 
for chloride ion in the wash water is faint. The resin is transferred to a 
glass column fitted with a porous sintered glass base and is washed with 3 
M sodium formate until the chloride ion test on the effluent is faint. Fi- 
nally, it is washed with water until the effluent is practically salt-free (20 
parts per million on Barnstead purity meter, referred to NaCl). 

Other anion exchange resins tested, including Duolite A-3 chloride, 
Dowex 2 X 10 formate, and Dowex 1 X 10 chloride and formate proved 
unsatisfactory. 

CoA Assay—All purification steps are followed by direct CoA analysis 
by means of the phosphotransacetylase assay system (3) with a slight 
modification to permit more rapid determinations. The method is as fol- 
lows: Water to give a final volume of 1.0 ml.; tris(hydroxymethy])amino- 
methane hydrochloride buffer (1 m, pH 8.0), 0.1 ml.; dilithium acetyl 
phosphate, 6 um; cysteine hydrochloride, 10 um; an aliquot of the test 
solution containing 0.5 to 3.0 units of CoA; and phosphotransacetylase (4), 
8 units, are added in the indicated order. The reaction mixture is incu- 
bated at 28° for 5 minutes and then 0.1 ml. of potassium arsenate (0.5 M, 
pH 8.0) is added. After 10 minutes, the residual acetyl phosphate is 
estimated by the hydroxamic acid method (5). Under these conditions 
the amount of acetyl phosphate decomposed is proportional to the amount 
of CoA present in the reaction mixture. Up to twelve samples can be 
conveniently examined in a single assay. For reference, a standard tube 
containing 2 to 2.5 units of CoA and a contro] sample containing no CoA 
are included in each assay. All CoA samples must be adjusted to pH 7.5 
to 8.0 prior to testing. 

The reference standard used in this study was an acetyl CoA sample 
prepared by the enzymatic acetylation of CoA and isolated by paper 
chromatography (6). The acetyl-adenine ratio of this preparation was 
0.97 and it was assumed to contain 316 units of CoA per um (1). 

Preparation of Yeast Extract—3 kilos of dried yeast (Anheuser-Busch, 
strain G) are dropped into 15 liters of boiling water. The suspension is 
stirred and boiled vigorously for 5 minutes. 25 pounds of cracked ice are 
added and the cold suspension is centrifuged at about 2000 X g for 30 
minutes. The slightly turbid supernatant solution (19 liters) should con- 
tain 100,000 + 30,000 units of CoA. 
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Charcoal Chromatography of Yeast Extract*—19 liters of yeast extract are 
adjusted to pH 3.0 with 6 n HCl (200 to 250 ml.). The extract (which 
becomes turbid upon acidification) is passed through a charcoal column 
(10 cm. X 29 cm.) at a rate of 1 liter per 3 minutes. The milky white 
effluent is discarded. The charcoal is washed with 10 to 15 liters of dis- 
tilled water, 2 to 4 liters of 40 per cent aqueous acetone, and then with 
40 per cent aqueous acetone containing 1.0 ml. of concentrated ammonium 
hydroxide solution (28 per cent) per liter. The eluate is collected in 2 
liter fractions. The pH of successive fractions increases gradually from 
3.3 to 5.0 and then increases sharply to pH 7.5 to 9.0. In most runs the 
CoA is concentrated in the eluates having a pH of 3.8 to 7.0; occasionally, 
however, the fraction on either side of these limits will contain some CoA 


TaBLe I 
Charcoal Chromatography of CoA in Crude Yeast Extract 








Fraction No. (2 liters) | Color | pH CoA, per cent of initial 

SARS ON ete ae | =e 
1 | Straw, turbid | 3.4 0 
2 | oe 3.6 0 
3 «clear 3.9 | ¢ 
4 - < | 4.0 26 
5 Yellow, ‘‘ 4.2 28 
6 Deep amber 5.0 26 
7 a rf 8.5 ( 
8 Amber 9.4 0 

RGURY, cD bs ccna ance ere | 94 





also. Data from a typical experiment showing the distribution of CoA in 
the eluates from a charcoal column are given in Table I. 

The fractions containing CoA are pooled, the pH is adjusted to 1.7 with 
6 Nn HCl (any precipitate which forms is removed by filtration through a 
fluted Schleicher and Schiill No. 588 filter paper), and the CoA is precipi- 
tated by the addition of 5.5 volumes of cold (2°) acetone. After 1 to 2 
hours the precipitate is recovered by filtration through a Biichner funnel 
(10 cm. in diameter). The precipitate is washed with acetone and with 
ether and dried in a vacuum desiccator over P2O5. 5 to 6.5 gm. of dry 
acetone powder are obtained containing 10 to 18 units of CoA per mg. 
The over-all recovery based on the boiled yeast extract is about 80 to 95 
per cent. 

Chromatography on Dowex 1 Resin—15 gm. of acetone powder are dis- 


3 This charcoal step is a modification of a method developed by M. Soodak and 
F. Lipmann (private communication). 
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solved in water and the pH is adjusted to 8.1 with 2 n KOH and the : 


volume to 200 ml. Any material which does not dissolve is removed by 
centrifugation. 


The crude CoA solution is placed on a Dowex 1 X 2 formate column | 


(18 cm. X 15 cm. square). Invariably the colored front progresses un- 
evenly, due presumably to severe shrinkage of the resin caused by the high 











TABLE II 
Ion Exchange Chromatography of CoA 
Fraction No. (500 ml.) Adenine® CoAt fab 
| uM adenine 
uM uM 
Ot 165 0 0 
1 9,900 0 0 
2 8,500 0 0 
3 1,500 0 0 
4 660 6 0.009 
5 435 5 0.011 
6 520 0 0 
7 490 0 0 
8 275 0 0 
9 151 25 0.16 
10 113 75 0.66 
11 123 86 0.70 
12 117 89 0.76 
13 107 75 0.70 
14 | 85 49 0.58 
15 69 19 0.28 
—_——$—$— | | 
Total recovered............ | 23,210 429 
I ear incase | 25,900 450 | 








* Calculated from optical density at 260 mu on the basis of a molecular extinction 
coefficient of 15.9 X 10° sq. em. per mole. 


t Calculated on a value of 316 units of CoA per ym (1). 
} Filtrate collected during the adsorption and washing. 


salt concentration of the CoA solution. Therefore, when the farthest edge 
of the front has progressed approximately 1 cm., the upper 1 cm. layer of 
resin is gently stirred up with the overlying solution. Following this treat- 
ment the progress of the front appears uniform. After the CoA solution 
has been applied, the column is washed with two 100 ml. portions of water 
and is eluted with a solution containing 25.8 ml. of formic acid (88 per 
cent) per liter (0.6 m) and 18.9 gm. of ammonium formate per liter (0.3 , 
The rate of flow (attained with a hydrostatic pressure of 2 to 5 feet) is 
about 450 ml. per hour. 500 ml. fractions are collected and assayed for 
CoA and for adenine (optical density at 260 mu). 
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Results showing the development of a typical chromatogram are given 
in Table II. Elution of the CoA begins when 20 to 23 resin bed volumes 
(eight or nine fractions) of eluate have been collected. The CoA is com- 
pletely eluted when an additional 10 to 12 resin bed volumes (Fractions 9 
to 15) are collected. In the experiment described, the CoA-adenine ratio 
of Fractions 9 to 15 varied from 0.16 to 0.76. In other experiments ratios 
as high as 1.0 have been obtained. The over-all recovery of CoA from the 
chromatograms is generally 80 to 95 per cent; however, in some instances 
recoveries as low as 70 per cent have been observed. 

Concentration of Eluate—Since the CoA from the Dowex 1 column is dis- 
tributed in a large volume (2500 to 3000 ml.) of strong formate buffer, it is 
desirable to concentrate it and remove the excess salt before attempting 
to recover the CoA by acetone precipitation. This is accomplished by 
readsorbing the CoA on a small charcoal column and eluting with ammoni- 
acal acetone. To obtain CoA of highest purity, the eluates from the ion 
exchange chromatogram in which the CoA-adenine ratio is 0.6 or greater 
are pooled; the pH is adjusted to 2.0 with 6 N HCl (about 100 ml. per 2000 
ml. of eluate) and the solution is passed through a small charcoal column 
(2.5 cm. in diameter X 12 cm.) at a rate of 1.5 liters per hour. The optical 
density of the effluent at 260 mu should not exceed 0.020. The column is 
washed with 300 ml. of water and with 300 ml. of 40 per cent acetone. 
The CoA is finally eluted with 40 per cent acetone containing 1 ml. of 
concentrated ammonium hydroxide per liter. The flow rate is adjusted to 
about 3.0 ml. per minute. 50 ml. fractions are collected. The alkaline 
fractions are neutralized with 4 N nitric acid. The CoA is generally all 
eluted when the pH of the effluent is alkaline. 

The CoA in these fractions is sufficiently concentrated to permit detec- 
tion by the nitroprusside test. Drops of the various fractions are placed 
on a strip of No. 3 Whatman filter paper and dried, and the paper is dipped 
first into Reagent I and then into Reagent II of Toennies and Kolb (7). 
The appearance of a red spot, which is greatly intensified by shaking the 
paper strip in ethyl ether, indicates the presence of CoA. The fractions 
containing CoA (usually Fractions 3 to 6) are pooled (final volume, 150 to 
200 ml.). The pooled sample is acidified to pH 1.7 with 4 nN nitric acid 
and the CoA is precipitated by the addition of 7 volumes of cold acetone. 
The precipitate is allowed to settle overnight, the supernatant solution is 
decanted, and the CoA is transferred to a centrifuge tube. The precipitate 
is washed two times with acetone (room temperature), once with ether, 
and dried in a vacuum desiccator over P.Os. 

From 15 gm. of CoA concentrate (10 units per mg.) 300 to 400 mg. of 
purified material are obtained containing 200 to 270 units of CoA per mg. 
The over-all yield is generally 50 to 55 per cent. Occasionally, yields as 
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low as 40 per cent and as high as 70 per cent have been obtained. In 
addition to this CoA of relatively high purity, CoA preparations containing 
150 to 200 units per mg. can be obtained as a by-product by working up 
the eluates from the Dowex 1 column having a CoA-adenine ratio of less 
than 0.6. 

Composition—The compositions of some purified preparations are given 
in Table III. For comparison, analytical data on a sample of Pabst CoA 
are also presented. The contents of phosphorus, adenine, and enzymatic- 
ally active CoA are 65 to 67 per cent of theory. The rather good stoi- 
chiometry among these three components precludes the presence of other 
adenine nucleotides as major contaminants. 











TaB_e III 
Analysis of CoA Preparations 
| | 4 if roe 
Sample No. Total P* |  Adeninet | CoAt Racy | sree 
"| ipuigerme | -ptgereg. | pxgeme | 

ben | 2.56 Cm: | OF) Ce | 188 

22 ee ee 2.55 0.91 | 0.83 | 3.07 1.10 

Pabst (Lot 401-27). 2.66 0.87 | O85 | 3.13 | 1.02 


Pure COA: ... <<... 3.9 i3 | 1.3 | 3.00 1.00 





* Determined by the method of Fiske and Subbarow (8). 

t Calculated from optical density at 260 my on the basis of an assumed molecular 
extinction coefficient of 15.9 X 10° sq. em. per mole. 

t Determined by arsenolysis of acetyl P with transacetylase. 

§ Theoretical values (1). 


It should be pointed out that CoA samples of lesser purity prepared from 
the fractions just preceding the peak fractions from the Dowex 1 column 
(i.e. the material with a CoA-adenine ratio of less than 0.6) do contain 
significant amounts of ATP. 

Since no reductive steps are employed in the above chromatographic 
procedure, the CoA isolated should be present mainly as the mixed disulfide 
derivative of other sulfhydryl compounds (1, 9, 10). Paper chromatog- 
raphy of the isolated material in an 80 per cent phenol-20 per cent water 
solvent shows that the CoA moves to a spot identical with a ninhydrin- 
reactive material (Rr = 0.35). Following reduction of the CoA with 
hydrogen sulfide it moves with an R, of 0.51, while the amino compound 
has an Ry of 0.46, which is identical with that found for glutathione. 
These observations suggest that the CoA isolated may be present largely 
as the mixed disulfide derivative of glutathione. 

Chromatography on Cation Resin—A further purification of the CoA may 
be achieved by reduction with hydrogen sulfide followed by chromatog- 
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raphy on Dowex 50 (H+) to remove the amino compounds as previously 
described (2). In a single experiment, 100 mg. of CoA (263 units per mg.) 
were neutralized with KOH (400 yweq.), and hydrogen sulfide was passed 
through the solution (25 ml.) for 3.5 hours. The solution was adjusted to 
pH 2.5 and gassed with helium to remove the hydrogen sulfide. The 
acidified solution (3.0 ml.) was passed through a Dowex 50 (H+) column 
(3 cm. X 1 em. square) and the CoA in the percolate (6.0 ml.) was pre- 
cipitated by the addition of 70 ml. of acetone. 45 mg. of precipitate were 
recovered containing 328 units of CoA per mg., corresponding to a purity 
of 78 per cent. Since all of the adenine-absorbing material initially present 
was recovered in the percolate from the Dowex 50 column, the low recovery 
of CoA (55 per cent) is due either to incomplete acetone precipitation of the 
reduced CoA or to decomposition of the CoA on the acid resin. 


Comments 


The ion exchange chromatography of CoA concentrates has also been 
used on a scale one-third, one-half, and 2 times that described. In these 
instances the size of the resin column was varied proportionally by varying 
the cross-sectional area of the column while maintaining the height of the 
resin bed constant. The rate of elution and volumes of the fractions 
collected were varied correspondingly. The elution pattern, yields of CoA, 
and purity of the product obtained were similar, except that a somewhat 
poorer over-all yield (40 per cent) was obtained in a single experiment at 
2 times the scale described. 

Usually 14 to 16 hours are required to elute the CoA from the Dowex 1 
column. In the absence of an automatic fraction collector which permits 
uninterrupted elution overnight, the elution can be discontinued and fin- 
ished on the following day. 

In addition to the charcoal-treated, yeast acetone powder concentrates 
a number of other CoA concentrates have been tested as sources of CoA 
for ion exchange chromatography. Of those tested, an Armour CoA con- 
centrate of hog liver (13 units per mg.) and a Sigma triphosphopyridine 
nucleotide concentrate (10 per cent triphosphopyridine nucleotide, 6.5 units 
of CoA per mg.) gave products of lower purity (about 150 units per mg.) 
and lower yields (30 to 35 per cent), while chromatography of a CoA 
concentrate (6.0 units per mg.) obtained from Streptomyces fradiae gave 
poor results. On the other hand, a crude Pabst CoA concentrate from 
yeast containing only 1.3 units of CoA per mg. gave results similar to those 
obtained with the more purified starting material prepared by us. How- 
ever, the capacity of the resin column in terms of CoA was only about one- 
seventh as great as when the more purified material was used. A pre- 
liminary charcoal purification of the Pabst CoA concentrate gave a CoA 
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preparation (10 units per mg.) which for resin chromatography is equally | 
as good as the material prepared by us from crude yeast extracts. Thus, | 
charcoal treatment of other commercially available crude CoA concentrates 
may provide suitable starting materials for the ion exchange chromatog- 
raphy. 


SUMMARY 


A method has been developed for the purification of coenzyme A by 


charcoal and anion exchange chromatography. When the procedure was 
applied to hot water extracts of dried yeast, preparations containing 200 | 
to 270 units of coenzyme A per mg. (50 to 65 per cent pure) were obtained 


in 


yields of 50 to 55 per cent. 
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THE NORMAL CONTENT OF FIXED CARBON IN 
AMINO ACIDS 
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Chicago, Illinois) 


(Received for publication, January 7, 1953) 


Much is known of primary CO, fixation reactions (1) and of the path- 
ways by which fixed carbon becomes disseminated throughout many com- 
pounds. The total fixed carbon content of normal animal tissues has 
been evaluated (2, 3), but little information is available concerning the 
quantitative chemical distribution of such carbon. For example, the 
mechanisms by which CO: carbon enters the carboxyl groups of aspartic 
acid are well defined, but the fractions of these groups that ultimately 
arise from CO: have not been ascertained. 

The present work is a survey of the quantitative distribution of CO.- 
derived carbon among the amino acids of liver and muscle protein of rats 
exposed to C“O. for long periods. This method provides a means of 
measuring the true fixed carbon content of whole tissues (2, 3) and of 
specific compounds and carbon positions. It would be expected to detect 
pathways of metabolic turnover too slow to be revealed by shorter experi- 
ments. Moreover, the evaluation of proposed metabolic relationships is 
furthered, for, in a steady state, no compound may serve as the sole pre- 
cursor of another that possesses a higher specific activity in a comparable 
position. 

The results obtained indicate that the known reactions of CO, fixation 
can account for the preponderant fraction of total fixed carbon in protein. 
Furthermore, most proposed patterns of amino acid metabolism are con- 
sistent with these data. 


Methods 


Isolation of Amino Acids—Adult Fischer rats were exposed for 12 to 
85 days to a constant low partial pressure of CO, (2, 4).1 The animals 


* Present address, Department of Biochemistry, Western Reserve University, 
Cleveland, Ohio. , 

1 The rats were fed Derwood rat and mouse pellets. The estimated amino acid 
concentration was (in per cent) as follows: alanine, 0.56; arginine, 0.77; aspartic acid, 
1.45; cystine, 0.25; glutamie acid, 4.43; glycine, 0.78; histidine, 0.44; isoleucine, 1.05; 
leucine, 1.61; lysine, 1.04; methionine, 0.49; phenylalanine, 0.95; proline, 1.61; serine 
0.71; threonine, 0.74; tryptophan, 0.24; tyrosine, 0.89; and valine, 1.03. 
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were killed with ether and the organs and muscle were immediately frozen 
and dried. A 3:1 ether-ethanol mixture was used to remove lipides from 
the ground tissue and cold trichloroacetic acid to extract acid-soluble 
materials. The nucleic acids were extracted with hot trichloroacetic acid 
(5). The remaining protein was then hydrolyzed with 150 ml. of twice 
distilled, 5.5 n HCl per gm. at 120° for 8 hours in a sealed vessel. After 
removal of the excess HC] by vacuum distillation followed by treatment 
with charcoal, the amino acids were separated and purified by ion exchange 
techniques. 

Glutamic and aspartic acids were removed by titration with a weak 
anion resin, Nalcite WBR, as described by Cannan (6). After elution 
with HCl, they were separated on Dowex 50 in the H+ cycle (7), and in 
some instances crystallized. The remaining amino acids were separated 
from arginine by retention on Dowex 2 in the OH- form, eluted, and 
separated on Dowex 50 in the Na+ cycle (8). After concentration to a 
small volume, each was freed of buffer by passage through a column in 
the H+ form (7) or was degraded directly. Arginine was either passed 
through Dowex 50 in the H+ cycle or isolated as the flavianate, free argi- 
nine being recovered by dissolving the salt in a minimal amount of n HC!) 
and titrating to neutrality with Dowex 2 in the bicarbonate form. 

The identity and purity of each amino acid were established by paper 
chromatography and by ninhydrin-released CO, or by C analysis con- 
comitant with the measurement of the radioactivity by proportional gas 
counting (9). 


Degradation of Amino Acids—Most of the amino acids were converted 


to CO, by wet oxidation for measurement of the total radioactivity, and 
the non-essential amino acids were also decarboxylated with ninhydrin 
(10) for measurement of these groups. The guanidino carbon of arginine 
was obtained by hydrolysis with saturated NaOH in a sealed tube at 117° 
for 18 hours (11), followed by acidification. 

The average radioactivity of the aspartic acid carboxyl moieties was 
obtained from COs: liberated by ninhydrin. The activity of the 6-car- 
boxyl group was determined by the enzymatic conversion of the amino 
acid to oxalacetic acid and by @ decarboxylation of the latter compound. 
The conversion to oxalacetic acid was accomplished by transaminating 
the aspartic acid with a-ketoglutaric acid for 15 minutes with a buffered 
homogenate of rat heart (12). The reaction was halted by addition of 
trichloroacetic acid and any CO, present was pumped out. Al.(SO,); 
solution (13) was then introduced, and the resulting CO, analyzed after 
30 minutes. The yield of CO, was 20 to 25 per cent of theory and the 
blank was less than 2 per cent. The activity of the a-carboxyl group 
was obtained by difference. 
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Serine was cleaved with periodate, and each of the three carbon posi- 
tions determined separately (14). Glycine was decarboxylated with nin- 
hydrin, and the resulting formaldehyde was oxidized as in the serine deg- 
radation. Alanine was decarboxylated and the acetaldehyde trapped in 
a saturated solution of 2,4-dinitrophenylhydrazine in 2 N HCl (15) prior 
to removal of the CO,. The isolated derivative was oxidized to CO, by 
wet oxidation. 

The results were calculated as the per cent carbon in each amino acid 
or position derived from the animal’s CO, during the exposure period. 
The assumed isotope level of this CO, was based on the specific activity 
of new bone carbonate and urea. Discussions that explain this computa- 
tion appear in previous communications (2, 4). 


RESULTS AND DISCUSSION 


It was shown previously (3) that within 10 days the radioactivity of 
the total liver carbon in these rats had reached a constant level, similar 
to that found in the livers of mice born and raised in this labeled atmos- 
phere. This demonstrated that the total fixed carbon of the liver had 
become isotopically “saturated.’’? The radioactivity of muscle, however, 
was still increasing after 85 days and was only 82 per cent of the “‘satu- 
rated”’ value (3). 

The distribution of radioactivity in the non-essential amino acids is 
shown in Table I. The first liver sample was from a rat exposed for 12 
days and the proteins were apparently less “saturated” than the value for 
total carbon would indicate. The second was a pooled sample from three 
rats exposed for 12, 50, and 85 days. The muscle sample was from a rat 
exposed for 85 days. The column labeled ‘Calculated’ is the anticipated 
fixed carbon percentage of “saturated”? muscle, assuming uniform turnover 
among compounds. The last column of Table I contains the ratio of fixed 
carbon of the amino acids of liver and muscle. 

From 79 to 94 per cent of the carbon of the guanidino group of liver 
arginine represents fixed carbon (Table I). This demonstrates that most 
of the arginine in liver participates in the Krebs-Henseleit urea cycle 
prior to its incorporation into protein. 

Except in purine synthesis the known reactions of CO, fixation in animal 
tissues resulting in carbon to carbon bonds involve compounds of the 
tricarboxylic acid cycle, the principal reactions being the formation of 
oxalacetic acid (16) or malic acid (17) from pyruvic acid and CO:. About 
25 per cent of both carboxyl groups of aspartic acid and of the a-carboxyl 
group of glutamic acid contained fixed carbon (Table I). That these 


2 “Saturation’”’ designates complete exchange of isotope between COz and organic 


. constituents. 
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compounds are in rapid exchange with acids of the tricarboxylic acid 
cycle is not unexpected, since both compounds are very active in the trans- 
aminating systems of the liver. Glutamic acid is the principal N source 
for the synthesis of aspartic acid (18, 19), which in turn contributes one- 


TABLE I 
Per Cent Fixed Carbon* in Non-Essential Amino Acids from Liver and Muscle Protein 




















Per cent fixed C in 
Amino acid Position a Liver Muscle poze cin liver 
| 
heres ea — Observed ah 
Arginine Total 13.9 | 16.3] 7.4 
COOH 1.5] 3.0] 2.6 3.2 0.94 
Guanidino 79.2 | 93.8 | 40.7 | 49.7 1.89 
Aspartic acid | Total 11.2} 11.8] 4.1 
| Average COOH 23.0 | 24.1] 8.6 | 10.5 2.30 
| B-COOH 24.4 8.4 10.2 2.39 
| a-COOHt 23.8 8.8 10.7 2.22 
Glutamic acid | Total 5.3 | 6.4 2.6 
| a-COOH 19.2 | 29.0) 11.7 | 14.3 | 2.02 
Proline Total 0.3) 0.4 0.3 
| COOH LI 157 1.5 1.8 0.94 
Alanine keen 8.9/10.8| 4.9] 6.0 1.80 
| a- and p-C § 0.2 | 
Serine | COOH 6.7| 9.7| 7.4] 9.0! 1.08 
| @- 0.2) 0.2 
| B-C 0.2} 0.2 | 
Glycine , COOH 5.2] 9.4] 5.6 6.8 1.38 
| @- 0.2} 0.1 | 














* Per cent fixed carbon = (observed specific activity X 100)/(specific activity 
of ‘‘saturated’’ bone carbonate). 
+ Observed values corrected to ‘‘saturated’’ values, assuming 82 per cent ‘‘satura- 


tion’”’ of all compounds in muscle. The values for fixed carbon in liver are for Sam- 
ple 2. 


¢ Calculated from 6-COOH and the average COOH values. 
§ Sample lost. 


half of the N of urea (20). The isotope content of aspartic acid probably 
represents the minimal amount of CO, fixed into the tricarboxylic acid 
cycle. 

Fewer reactions are required to introduce CO.-derived carbon into the 
B-carboxyl group of aspartic acid than into the a-carboxyl position, since 
the latter moiety acquires its fixed carbon by one or more reversible re- 
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actions among the 4-carbon acids of the tricarboxylic acid cycle. The 
equal distribution of radioactivity between the two carboxyl groups of 
aspartic acid (Table I) indicates that these reversible reactions are very 
rapid compared with the rate of the complete cycle. 

Although arginine and proline can be derived from glutamic acid (21), 
the relatively small amount of fixed carbon, 3 per cent or less (Table I), 
in the carboxyl groups as compared with 19 to 29 per cent in the com- 
parable moiety of glutamic acid shows that only small amounts of arginine 
and proline normally arise from glutamic acid. Although the converse 
is possible, proline may not serve as a precursor of arginine (via ornithine). 














TaBLe II 
Per Cent Fixed Carbon* in Essential Amino Acids of Liver Protein 
Amino acid | Per cent fixed C* 
iinbicenie 0st ETE, Oa ca A 0.02 
Di VRING 2% ce chs. Pedals Se SE, Tie eas 0.03 
Bien AMANO! o.oo ce.a Fs lpecpusleaste nee chia —0.02f 
LCS 2G ae aaa Rael Semac mare Sree ean ey niger —0.03f 
1) CAT) 11 SR AR eee Be Ak te. ap wk A aa 0.00 
1101 ph eae ee REDE btradhenebinndcid edt let. | 0.02 
PHEONIMO! OO, A EL PAL ae | 0.20, 0.08 
Methionilie:: . eic v.00) adil: anos Rat aa 0.10 
SU VIGNERO 5.3 rel sates heise ne ents ee ie ee eae 0.03, 0.06 





* Per cent fixed carbon = (observed specific activity X 100)/(specific activity of 
‘saturated’? bone carbonate). 
+ Counted below background. 


Nevertheless, it seems likely that both proline and ornithine are synthesized 
from some common intermediate (22). 

The analysis of liver alanine, serine, and glycine revealed activity prin- 
cipally in the carboxyl groups and in similar amounts (Table I). The 
formation of alanine from pyruvic acid (19) is well defined as is the inter- 
conversion of serine and glycine (15, 23). The conversion of serine to 
pyruvate has been demonstrated (24), but the participation of alanine as 
an intermediate between serine and pyruvic acid is equivocal (14, 25, 26). 
The data from muscle (Table I) suggest that serine does not acquire all 
of its fixed carbon from alanine. 

The relatively small amount of fixed carbon in the 6-carbon of serine 
(0.2 per cent, Table I) confirms the belief that there is little conversion 
of CO, into the 1-carbon compound which combines with glycine to form 
serine in animal tissues (1). Nor does there appear to be any significant 
fixation of COs, as revealed by the amino acids, into positions other than 
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those homologous with the carboxyl groups of oxalacetic acid. Of course 
the data do not exclude the possibility of reversible decarboxylations of 
the non-essential amino acids. 

With the exception of threonine and methionine, there was almost no 
radioactivity in the essential amino acids and in tyrosine (Table II). 
Threonine may have been contaminated with traces of serine, while methi- 
onine probably acquired its fixed carbon in the synthesis of methyl groups 
from serine (27). 

Muscle proline, glycine, serine, anu the carboxyl group of muscle argi- 
nine contained amounts of CO.-derived carbon almost identical with those 
of their liver counterparts when the values were corrected for “unsatura- 
tion” (Table I). However, in the guanidino group of arginine and in 
glutamic and aspartic acids and alanine, the fixed carbon levels in liver 
were approximately twice as high as the corrected values of muscle (Table 
I). These differences alone are sufficient to account for the higher total 
content of fixed carbon in the liver (2, 3). The greater amounts of fixed 
carbon found in liver aspartic and glutamic acids and in the guanidino 
group of liver arginine may reflect the increased turnover of these acids 
occurring in the liver as a result of urea synthesis (see above). This 
hypothesis requires incomplete equilibration of the amino acid pools of 
the two tissues. The results with arginine are sufficient evidence that 


mixing of an amino acid can be far from complete between various loci 
in a living animal. 


We gratefully acknowledge the valuable technical assistance of Miss 
Dorothy M. Tahara. 


SUMMARY 


Rats were exposed to an atmosphere constantly labeled with C“O. until 
the liver and muscle carbon approached isotopic “saturation.’”’ The dis- 
tribution of fixed carbon in the amino acids of these tissues was then ex- 
amined. The guanidino group of liver arginine was nearly all derived 
from CO... About 25 per cent of the two carboxyl groups of aspartic acid 
and of the a-carboxyl group of glutamic acid contained fixed carbon. Less 
was present in the carboxyl groups of alanine, serine, and glycine. Of the 
amino acids examined, only liver alanine, aspartic and glutamic acids, 
and the guanidino group of liver arginine contained more fixed carbon 
than their counterparts from muscle. There was little CO.-derived carbon 
in the B-carbon of serine and almost no fixed carbon in the essential amino 
acids and tyrosine. 
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THE REQUIREMENT OF DIPHOSPHOPYRIDINE NUCLEOTIDE 
FOR CHOLINE DEHYDROGENASE ACTIVITY* 


By D. R. STRENGTH, J. R. CHRISTENSEN, anp LOUISE J. DANIEL 


(From the Department of Biochemistry and Nutrition, Cornell University, 
Ithaca, New York) 


(Received for publication, January 12, 1953) 


The studies of Dubnoff (1) and Muntz (2) emphasized the importance 
of choline oxidation in transmethylation. Mann and Quastel (3) reported 
that extracts or slices of rat liver or kidney were capable of oxidizing cho- 
line. These same workers isolated and identified betaine aldehyde as the 
product of this oxidation. Rat liver and kidney were also found to oxidize 
betaine aldehyde to betaine. Subsequent studies by Mann, Woodward, 
and Quastel (4) confirmed these findings. 

Klein and Handler (5) demonstrated an increased rate of oxygen up- 
take during the oxidation of betaine aldehyde when diphosphopyridine 
nucleotide (DPN) was added to their system. Similar results were re- 
cently obtained by Williams (6). In studies conducted in this laboratory 
numerous observations have suggested that DPN was also required for 
choline oxidation by liver homogenates. This report describes the prep- 
aration of a rat liver fraction virtually free of betaine aldehyde dehydro- 
genase which oxidized choline at an optimal rate only when DPN was 
included. 


EXPERIMENTAL 


Preparation of Particulate Fraction—Adult rats of the Yale strain main- 
tained on a diet of dog chow were the source of tissue used in these studies. 
An adaptation of the differential centrifugation technique of Hogeboom, 
Schneider, and Pallade (7) was employed. All operations were carried 
out at temperatures between 0-3°. Rat liver was homogenized in ice- 
cold 0.88 m sucrose (3 gm. of liver to 27 ml. of sucrose) in a Potter-Elve- 
hjem glass homogenizer. 10 ml. portions of homogenate were layered over 
1 ml. of sucrose solution in 15 ml. conical polystyrene tubes, and cen- 
trifuged at 600 X g (calculated from the bottom of the tube) for 10 min- 
utes in an International PR-1 centrifuge with a No. 821 angle head. The 
resulting supernatant fluid was centrifuged twice under the same con- 
ditions. From the resulting supernatant solution (cytoplasmic extract) a 
particulate fraction was prepared with a Spinco model L ultracentrifuge 


* This work was supported in part by a grant from the Williams-Waterman Fund 
of the Research Corporation. 
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with a No. 40 head. 20 ml. of the cytoplasmic extract were divided into 
two Lustroid tubes and centrifuged at 144,000 X g (calculated from the 
bottom of the tube) for 60 minutes. The resulting sediment, containing 
the mitochondria and submicroscopic particles, was washed twice by sus- 
pending it in 10 ml. of sucrose, homogenized briefly, and then centrifuged 
under the same conditions as before. The final sediment was suspended 
in 20 ml. of sucrose and homogenized briefly. This suspension served as 
the particulate fraction in the choline dehydrogenase studies. 

Measurement of Choline and Betaine Aldehyde Dehydrogenase Activities— 
The test system for measuring choline dehydrogenase activity manometri- 
cally consisted of 1.0 ml. of enzyme (representing 100 mg. of fresh liver) 
placed in the side arm of the Warburg flask, and 0.2 ml. of 0.179 m choline 
chloride, 0.5 ml. of 0.2 m sodium phosphate buffer at pH 7.8, containing 
0.2 per cent nicotinamide, 0.2 ml. of 1.0 X 10-* m cytochrome c (Sigma 
Chemical Company), and water to make a final volume of 3.0 ml. placed 
in the main flask. The center well contained 0.2 ml. of 2 N sodium hy- 
droxide and a filter paper roll. The enzyme was tipped into the main 
flask after a 5 minute equilibration period. Oxygen consumption was 
measured at 10 minute intervals for a 60 minute period in a Warburg 
apparatus at 37°, with air as the gas phase. The assay for betaine alde- 
hyde dehydrogenase activity was conducted under identical conditions 
as for choline dehydrogenase with betaine aldehyde prepared according 
to the method of Voet (8) as the substrate. DPN (Sigma Chemical Com- 
pany) of 90 per cent purity was used throughout these studies where in- 
dicated. 


Results 


The differential centrifugation of homogenized rat liver has made it 
possible to separate to a large extent choline dehydrogenase from betaine 
aldehyde dehydrogenase. The data presented in Table I illustrate the 
results of two separate experiments of a series. In Experiment 1 there 
was little endogenous respiration or betaine aldehyde oxidation with or 
without added DPN, indicating a virtually complete removal of endoge- 
nous substrates and betaine aldehyde dehydrogenase. A 48 per cent 
increase in oxygen uptake due to choline oxidation in the presence of DPN 
was observed, thus indicating a requirement for DPN. A less complete 
removal of betaine aldehyde dehydrogenase was obtained in Experiment 
2; however, the majority of the oxygen uptake was due to the oxidation of 
choline. The response to DPN was even more marked in this experiment. 
The separation of the two enzymes and the subsequent response in choline 
oxidation to added DPN is reproducible under the conditions described. 

The results presented in Table II illustrate the relative response of 
choline dehydrogenase to DPN in rat liver homogenates and washed 
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particulate fractions of rat liver. A definite response to DPN was ob- 
tained with choline dehydrogenase in all preparations, although the effect 
of DPN on particulate and cytoplasmic fractions was twice that with 


TaBLeE I 


Choline Dehydrogenase and Betaine Aldehyde Dehydrogenase Activities in Washed 
Particles of Rat Liver 




















Especieanet | ‘Pieatanit O2 pie | Increase ans wypiake with 
| al. pl | per cent 
Re a Endogenous 5 
a + DPN 5 
36 um choline | 98 | 
| 36 “ 4 DPN | 138 45 | 48 
| 36 “ BAt | 8 
| 386 “ + DPN | 4 -7 
2 | Endogenous | 8 
| + DPN a a 
36 um choline 79 | 
36 0 ** + DPN | 184 | 55 | 69 
36 “ BA | 9 | 
36“ “ + DPN | 20 11 122 





* Endogenous values have been deducted from the values given for choline and 
betaine aldehyde oxidation. 

+ 0.2 ml. of 0.01 m DPN per flask. 

t Betaine aldehyde chloride. 


TasBLeE II 


Comparison of Choline Dehydrogenase Activities in Rat Liver Homogenates and 
Particulate Fractions 

Liver homogenates were prepared in 0.2 m sodium phosphate buffer at pH 7.8. 
0.4 ml. of a 30 per cent homogenate was used per flask. Cytoplasmic extracts were 
obtained as the supernatant fraction after centrifugation of the homogenates at 
600 X g. Liver particles were sedimented from the cytoplasmic extracts between 
600 X g and 144,000 X g. The values given for homogenates represent the choline 
dehydrogenase activity in 120 mg. of fresh liver; those for cytoplasmic extracts and 
particles, the activity in material equivalent to 100 mg. of fresh liver. Endogenous 
values have been deducted in all cases. 0.2 ml. of 0.01 M DPN was added per flask 
where indicated. 





Average O2 




















- A O: : A 
as eal Preparation No. of rats eptalee with — oe ee 
id choline | "Dp | with DPN 
Carnermmateaay: OW pl. ul. per cent 
1 Liver homogenates 6 168 209 24 
‘* particles 3 91 138 52 
2 Cytoplasmic extract 2 111 172 55 
Liver particles 2 83 123 48 
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homogenates. Approximately 70 per cent of the total choline dehydro- 
genase activity of the cytoplasmic extract was recovered in the particulate 
fraction (Experiment 2). 


DISCUSSION 


The localization of the choline-oxidizing enzyme in the mitochondria 
was established by Kensler and Langemann (9) and Williams (10). In 
the work reported here choline dehydrogenase of a particulate fraction of 
rat liver containing both mitochondria and microsomes has been shown to 
require DPN for maximal activity. Betaine aldehyde dehydrogenase was 
virtually absent from this preparation. Christensen and Daniel (11), 
using a DPN-diaphorase-methylene blue system, found that betaine al- 
dehyde dehydrogenase was recovered in the soluble fraction of rat liver, 
since little of the enzyme was sedimented at 144,000 x g. Contrary to 
these findings, Williams (6) has stated that “betaine aldehyde oxidase” 
is present principally in the mitochondria and largely absent from the 
supernatant fraction. A possible explanation for this discrepancy may be 
found in the system used by Williams to measure betaine aldehyde de- 
hydrogenase activity. Endogenous cytochrome oxidase was the terminal 
enzyme, and thus the entire system would involve the presence of endog- 
enous DPN-cytochrome c reductase and cytochrome c. According to 
Brody, Wang, and Bain (12), DPN-cytochrome c reductase is concentrated 
in the microsomes of rat liver, and Schneider and Hogeboom (13) have 
shown cytochrome oxidase and cytochrome c to be concentrated in the 
mitochondria. Therefore, a measure of betaine aldehyde dehydrogenase 
activity in the supernatant fraction by Williams’ procedure would show 
little, if any, activity because of inadequate cytochrome c, cytochrome 
oxidase, or DPN-cytochrome c reductase. Christensen and Daniel (11) 
by using the diaphorase-methylene blue system avoided this difficulty. 

The fact that choline dehydrogenase is a DPN-linked enzyme could not 
be definitely established until choline dehydrogenase and betaine aldehyde 
dehydrogenase were separated, since the latter is a DPN-linked enzyme 
which is concerned with the oxidation of the product of the reaction cata- 
lyzed by choline dehydrogenase. With the separation of the two enzymes 
obtained in this work, it is possible to state that choline dehydrogenase is a 
DPN-linked enzyme. 


SUMMARY 


The preparation of choline dehydrogenase virtually free of betaine al- 
dehyde dehydrogenase has been accomplished by differential centrifugation 
of homogenized rat liver in 0.88 m sucrose. By using this preparation, 
choline dehydrogenase has been shown to require DPN for optimal activity. 











ro- 
ate 


ria 
In 

| of 
to 
vas 
] ); 
al- 
er, 
to 
”? 
the 
be 
de- 
nal 
og- 
to 
ted 
ive 
the 
use 
OW 








STRENGTH, CHRISTENSEN, AND DANIEL 67 


BIBLIOGRAPHY 


. Dubnoff, J. W., Arch. Biochem., 24, 251 (1949). 
. Muntz, J. A., J. Biol. Chem., 182, 489 (1950). 


Mann, P. J. G., and Quastel, J. H., Biochem. J., 31, 869 (1937). 


. Mann, P. J. G., Woodward, H. E., and Quastel, J. H., Biochem. J., 32, 1024 (1938). 
. Klein, J. R., and Handler, P., J. Biol. Chem., 144, 537 (1942). 

}. Williams, J. N., Jr., J. Biol. Chem., 195, 37 (1952). 

. Hogeboom, G. H., Schneider, W. C., and Pallade, G. E., J. Biol. Chem., 172, 619 


(1948). 


. Voet, R., Bull. Soc. chim., 45, 1016 (1929). 

. Kensler, C. J., and Langemann, H., J. Biol. Chem., 192, 551 (1951). 
10. 
i 
12. 
13. 


Williams, J. N., Jr., J. Biol. Chem., 194, 139 (1952). 

Christensen, J. R., and Daniel, L. J., Federation Proc., 12, 189 (1953). 

Brody, T. M., Wang, R. I. H., and Bain, J. A., J. Biol. Chem., 198, 821 (1952). 
Schneider, W. C., and Hogeboom, G. H., J. Biol. Chem., 183, 123 (1950). 





me ee ee Ee ae eS ele eee eee ae = BS WwW R 


























| 
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The recent isolation (1), identification (2), and synthesis (3, 4) of sero- 
tonin, as well as the discovery of a variety of physiological and pathogenic 
properties of this substance (5-10), have suggested that, if antimetabolites 
of it were realized, they might be useful agents with which to study the 
role of this interesting new compound in living animals (11). The natural 
occurrence of serotonin in animals is now well established because it has 
been isolated from normal beef serum (1), from the salivary glands of 
octopi, and from the skin of Amphibia (6, 8, 12). Methylated serotonin, 
viz. bufotenin, has been isolated from the secretions of toads (13). From 
the work of Erspamer (6, 14) it is clear that a substance which imparts to 
the enterochromaffine cells of gastrointestinal mucosa some of their char- 
acteristic staining properties is probably enteramine which has been iso- 
lated and identified with serotonin. The ability of synthetic serotonin to 
cause arteries to constrict, and thus to raise blood pressure (9, 10), and to 
cause other types of smooth muscle to contract in various species (5, 7, 8) 
would suggest strongly that this substance is concerned physiologically 
with several processes in animals. Attempts were therefore made to 
predict and to synthesize structural analogues of serotonin which would 
antagonize its pharmacological effects. In this way it was hoped that 
agents might be provided which would aid in the study of the physiological 
roles of serotonin, and possibly in their medical control. When this work 
was undertaken, the only known pharmacological action of serotonin was 
the constriction of blood vessels. The rapid findings of these many other 
powers possessed by it as well as its identification in tissues other than 
blood have been most stimulating. 

In the present paper, the means of testing for antiserotonin activity in 
vitro will be described, and the comparative activity of a variety of struc- 
tural analogues of the metabolite will be shown. The synthesis of the 
analogues has been described in a separate paper (15). A brief abstract 
of both chemical and biological findings has appeared (11). 


EXPERIMENTAL 


Material—Structural analogues of serotonin were synthesized as de- 
scribed elsewhere (15). Since most of these were water-insoluble amino- 
* With the technical assistance of G. Schaffner and J. J. Gingell. 
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indoles, they were dissolved in Ringer’s solution containing a slight excess 
of HCl, and the solutions were neutralized immediately before use. In 
this way supersaturated solutions containing 0.1 to 1.0 mg. per cc. were 
obtained. Analogues such as the nitroindoles which were insoluble in 
water over a wide range of pH were dissolved in Tween 80, and suitably 
diluted with Ringer’s solution. Synthetic serotonin was very kindly sup- 
plied by the Abbott Laboratories. All the weights of this substance quoted 
are of the creatinine sulfate double salt, viz., 3-(8-aminoethyl)-5-hydroxy- 
indole-creatinine sulfate. 

Assay of Analogues with Carotid Artery Rings—Because Reid and Bick 
(16) had found that spiral strips of sheep carotid arteries responded to 
the vasoconstrictor of serum, attempts were made to use carotid arteries 
to devise a simple in vitro method of measuring serotonin, and antisero- 
tonin, activity. The suggestion of Reid and Rand (5, 17) that serotonin 
caused ring-shaped sections of carotid arteries to contract was used as 
the basis of the following procedure. 

Fresh sheep carotid arteries' were washed with Ringer’s solution im- 
mediately after removal, and were then cut into rings approximately 1 
mm. thick. Care was taken to start from the end of the artery distal 
from the aorta, and about 8 cm. from the aorta, and to take not more than 
twenty-five segments from each artery. Rings taken from the portion 
near the aorta responded to serotonin much less than did those from seg- 
ments further removed. This variability of response in rings taken from 
different parts of the same artery made it imperative to use only a rela- 
tively few from each artery for any given experiment, and to obtain them 
from adjacent tissue. The rings were cut into a Petri plate containing 25 
cc. of Ringer’s solution. It was important to place not more than twelve 
rings in each dish. After 15 minutes, the rings were transferred to fresh 
Ringer’s solution and again transferred after an additional 15 minutes. 
This washing of the rings proved to be crucial. Evidence was found? to 
indicate that serotonin was liberated when arteries were cut or otherwise 
injured. The well known contraction of arteries when cut is probably due 
to this liberation of serotonin. Unless the washing of the rings (to remove 
serotonin) was done properly, assays were not possible. If too long a 
time elapsed during the washing, the segments responded poorly. The 
technique described worked well if followed rigorously. 


1 We are much indebted to Rodman-Graff, Brooklyn, New York, for supplying 
sheep arteries. 

2 Two kinds of evidence for the release of serotonin were obtained: (a) Rings, in 
the contractéd state just after cutting, relaxed when an active antiserotonin was 
added to the surrounding liquid. This expansion was of the same magnitude as 
that produced merely by adequate washing. (b) A substance indistinguishable 
chromatographically from serotonin was isolated from macerated carotid arteries. 
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Each washed ring was placed in 2.5 ec. of Ringer’s solution contained 
ina 5 cm. Petri plate. The internal diameters of the segments were meas- 
ured under low magnification in a microscope equipped with a micrometer 
eyepiece. 1 cc. of Ringer’s solution containing 1 y of serotonin per ce. 
was then added, followed by either 1.5 cc. of Ringer’s solution or 1.5 ce. 
of a suitable dilution in Ringer’s solution of the compound to be tested for 
antagonistic action. The contents of the dish were mixed thoroughly by 
swirling, and 2.5 ce. of the liquid were removed and discarded. Within 
5 minutes from the additions, and not more than 15 minutes thereafter, 
the dimensions of the lumen were again measured. Because most of the 
rings presented an elliptical lumen, both major and minor axes were meas- 
ured and the percentage change in each which had been caused by the test 
solutions was determined. The percentage change in the major axis proved 
to be more reliable as a guide than did the alteration of the minor one. 
In a series of 2-fold dilutions of an analogue, responses in the major axis 
were plotted against the dose administered. The amount causing half 
maximal response was thus determined by interpolation. A similar plot 
of the changes in the minor axis was used to check this value. 

In any one experiment, controls were always included of just Ringer’s 
solution and of serotonin alone. Analogue alone was also tested at several 
concentrations in order to find whether or not it showed serotonin action; 
i.e., Whether or not it caused the rings to contract. It was found advisable 
not to have more than twenty rings in any experiment. All of them must 
come from a single artery and, if more were used, the difficulty referred to 
above of not having all of uniform responsiveness increased the errors. 
Furthermore, time was of importance in the tests, and if too many rings 
had to be manipulated, the first ones examined were not sufficiently com- 
parable to the last. 

Graded Response of Artery Rings to Serotonin—The data in Fig. 1 will 
show a typical dose-response curve constructed from observations made on 
six rings from the same artery. The maximal effect was obtained with 
about 0.5 to 1.0 y of serotonin per ce. About one-twentieth of this amount 
could be detected. Individual arteries did not all respond equally to a 
given concentration of the metabolite. The amount needed to cause half 
maximal contraction varied from 0.2 to 0.08 y per cc. 

Antagonism between Serotonin and 2,3-Dimethyl-5-aminoindole—The 
data of Table I will show that the contraction of the rings caused by 
serotonin was overcome by additions of 2 ,3-dimethyl-5-aminoindole. The 
analogue by itself had no detectable influence. 

Competition between Serotonin and 2,3-Dimethyl-5-aminoindole in Con- 
traction of Artery Rings—The data in Table II will show that the antago- 
nism exerted by the analogue on the artery-constricting action of serotonin 





72 ANTIMETABOLITES OF SEROTONIN 


was competitive. As the amount of serotonin in the system was increased, 
the amount of analogue required to counteract it was correspondingly 
increased. The range of concentrations of the analogue which it was pos- 
sible to investigate was limited because of the slight solubility of this 
indole at pH 7. 

Reproducibility of Results—A considerable number of experiments was 
performed as described in the preceding sections in order to determine how 
much 2,3-dimethyl-5-aminoindole was required to give half maximal in- 
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Fig. 1. Dose-response curve of serotonin and rings of sheep carotid artery 


hibition of the contraction caused by 0.2 7 of serotonin per cc. Several of 
these were carried out with rings cut from the same artery in order to 
establish whether a series of five comparable rings exposed to graded 
amounts of the analogue would yield the same end-point as a second set of 
five rings from the same artery. As can be seen from Fig. 1, individual 
rings may occasionally show a considerable deviation from the expected 
response. With the dimethylaminoindole, examined in this fashion, the 
variation in the end-point was 50 per cent. 


In order to test the variations among arteries, 2,3-dimethyl-5-amino- | 


indole was assayed on many different occasions with rings from carotid 
arteries of various sheep. The amounts of analogue needed for half maxi- 
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mal inhibition of the effect of 0.2 y of serotonin per cc. were 10, 10, 10, 4, 
20, 20, 11, 4, 16, 18, 20, 15, 20, 6, 8, 12,4, and 10 y perce. The variation 
shown included, of course, the 50 per cent error just described. 

These data indicated that in the comparison of activity of two analogues 
a number of individual experiments is required, and that the result will be 
in doubt as to which is the more active unless they differ in potency by 2- 
or 3-fold. 


TABLE [ 
Antagonism to Serotonin of 2,3-Dimethyl-5-aminoindole Measured on Artery Rings 








Serotonin Analogue | Decrease in major axis 
payer ‘a, | y per ce. per cent : 
0 | 0 0 
0.2 0 | 18 
0.2 0 | 20 
0.2 4 | 18 
0.2 10 9 
0.2 20 | 4 
0 20 0 
TABLE II 
Competition between Serotonin and 2,3-Dimethyl-6-aminoindole Measured on Artery 
Rings 
Serotonin | Analogue required for half maximal inhibition 
: ; y per cc. | psa6-1)- ge we Pre) ae 
0.2 | 10 


2.0 120 





Antiserotonin Activity of Various Analogues—Table III will show the 
relative activities of various analogues of serotonin when tested in the 
manner described in this paper. Each value is the average derived from at 
least three separate experiments. Each compound was compared directly 
with 2,3-dimethyl-5-aminoindole run at the same time. In this way, 
errors arising from differences in responsiveness of various individual 
arteries were made evident. The relative potency of each pair of com- 
pounds was checked further by direct comparison of each possible combina- 
tion in the same run. For example, Compound 3 was tested alongside 
Compound 2. Compound 7 was similarly assayed against Compound 2 
ina second run. Ina third run, Compound 3 was compared to Compound 
7. The ability of serotonin to overcome the effect of the analogues was 
demonstrated in each case. However, competitive antagonism was es- 
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tablished only in the case of 2 ,3-dimethyl-5-aminoindole. With the others 
the only test was to determine whether a 10-fold increase in serotonin con- 
centration would reverse the antagonism. 


TABLE III 
Relative Potencies of Serotonin Analogues As Antimetabolites and Prometabolites 








No. Analogue Antiserotonin potency* Serotonin potency 
y per cc. y per cc. 
1 | Serotonin-creatinine sulfate None 0.12 
2 | 2,3-Dimethyl-5-aminoindole | “Ig None 
3 | 2-Methyl-3-ethyl-5-aminoindole 9 ie 
4 | 2-Methyl-3-butyl-5-aminoindole | 9 “ 
5 | 1,2,3-Trimethyl-5-aminoindole hydro- | 20 gas 
chloride | 
6 | 3-Ethyl-5-aminoindole | 30 ee 
7 | 1,2,3,4-Tetrahydro-6-aminocarbazole | 11 ee 
8 | 2,3-Dimethyl-4-aminoindole | 40 [= 
9 | 2,3-Dimethyl-6-aminoindole | ee 
10 | 2-Methyl-3-ethyl-7-aminoindole 15 3 
11 | Indole | Inactive at 30 ae 
12 | 1,2,3,4-Tetrahydrocarbazole | Bs «30 | « 
13 | 2-Methyl-3-ethyl-5-nitroindole | i eae tS 
14 | 2,3-Dimethyl-5-succinamidoindole se “© 200 | . 
15 | 5-Aminobenzimidazole tf “* 100 ie 
16 | 3-(8-Aminoethyl)indole hydrochloride | | 2 
(tryptamine) | | 
17 | 3-(6-Aminoethy])-5-nitroindole | 3 
18 | 3-(8-Aminoethyl)-5-aminoindole dihy- | 0.4 
| drochloride | 
19 | 3-(8-Dimethylaminoethy])-5-aminoin- | 23 | 3 
dole dihydrochloride | 
20 | 2-Methyl-3-(6-dibenzylaminoethyl)-5- Inactive at 20 Inactive at 30 
| aminoindole 
21 | 3-8-(4’-Imidazolylethylamino)-ethyl-5- “* 20 ee ee 


aminoindole dihydrochloride | 
3-(8-Piperidinoethyl)-5-aminoindole di- 17 

hydrochloride | 
23 | 2-Methyl-3-(8-piperidinoethyl)-5- -amino-| 10 
indole dihydrochloride 


22 





. « These values represent the cbndentrations requited to 0 overcome half maximally 
the constriction caused by 0.2 y of serotonin per cc. 

+ These values represent the concentrations required to cause half maximal con- 
striction. 


Serotonin-Like Activity of Some Analogues—The data in Table III will 
also show that some of the analogues were not antagonistic to the action 
of serotonin, but rather, like it, caused contraction of the rings. Wherever 
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this type of behavior was encountered, the relative potency of serotonin 
and of the analogue was tested by setting up a series of rings in graded 
concentrations of serotonin. A series of rings was also exposed, in the 
absence of serotonin, to graded concentrations of the analogue. Relative 
potencies were calculated by interpolation of the percentage contraction 
of the analogue rings on the dose-response curve constructed from the 
values observed with serotonin alone. 

Pro- and Antiserotonin Activity of 3-(8-Dimethylaminoethyl)-5-aminoin- 
dole—This 5-amino-N ,N-dimethyltryptamine (Compound 19) showed an- 
tiserotonin action at relatively high concentration, and serotonin-like effect 
at somewhat lower concentration in the absence of the metabolite. Data 
to illustrate the types of response are shown in Table [V. It can be seen 














Tasie IV 
Pro- and Antiserotonin Action of 3-(8-Dimethylaminoethyl) -5-aminoindole 
Dihydrochloride 
Serotonin | Analogue Decrease in major axis 
y per cc. ”v per ce. . per cent 
0 0 0 
0.2 | 0 25 
0.2 | 30 11 
0.2 | ‘20 21 
0.2 10 24 
0 20 7 
0 10 23 
0 4 12 
0 


2 9 


that the ranges for pro- and antiactivity were close and overlapped slightly. 
The analogue was approximately 3 per cent as potent as serotonin on a 
weight basis. No other analogue examined showed this dual behavior. 
Effect of 2,3-Dimethyl-5-aminoindole on Constriction of Artery Rings 
Caused by Tryptamine—The data of Table III show that tryptamine had 
weak serotonin-like action on rings of carotid arteries. This accords, both 
qualitatively and quantitatively, with the property of both tryptamine 
and serotonin to raise the blood pressure of animals (9), and to cause 
other pharmacological responses (5). It was therefore of interest to de- 
termine whether the antiserotonins would behave as antitryptamines as 
well. ‘The tests were performed as has been described earlier in this paper, 
except that tryptamine hydrochloride (final concentration, 4 y per cc.) 
was used in place of serotonin. The concentration of 2,3-dimethyl-5- 
aminoindole needed to overcome the constricting effect half maximally was 
2y per ce. Thus, in the trials with artery rings, this antimetabolite over- 
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came the action of tryptamine as well as that of serotonin. However, the 
inhibition index with tryptamine was 100 times less than that observed 
with serotonin. The higher potency of the analogue, when used against 
the less potent metabolite (tryptamine), found a parallel in experiences 
with antimetabolites of biotin (18). In experiments on bacterial growth, 
the unnatural relative of biotin, viz. oxybiotin, was less potent than the 
real metabolite (biotin). Antimetabolites of biotin were more powerful 
as inhibitors of growth when they were acting against oxybiotin than 
when used against biotin. 

Do Serotonin and Tryptamine Act on Same Receptor Site—Although the 
results just given may suggest that tryptamine is just a less potent sero- 
tonin acting at the same locus, the following experiments indicated rather 
that the sites of action may be different. Rings from a single sheep carotid 
artery were used in the manner described earlier to determine the relative 
potency of serotonin and of tryptamine as constrictors. Serotonin proved 
to be 17 times more active than tryptamine. The artery was stored in 
Ringer’s solution at 4° for 24 hours and the experiment was repeated. 
With rings cut from this old artery, serotonin was found to be of approxi- 
mately the same potency as with fresh tissue, but tryptamine was inert. 
In a second trial, the result was the same as that described. In a third 
trial, tryptamine was still active, being one-twelfth the potency of sero- 
tonin on the fresh tissue and one-fortieth on the aged tissue. In several 
additional repetitions, tryptamine still exhibited some activity on the old 
arteries. These data indicated that the serotonin receptors were some- 
what more stable than the tryptamine receptors but these results were not 
construed as conclusive evidence. 

Failure of Antimetabolites to Cause Relaxation of Artery Rings Not Ex- 
posed to Serotonin—When rings from sheep carotid arteries were prepared 
and well washed in the manner described in the beginning of this paper, the 
application of an active antiserotonin failed to cause an increase in di- 
ameter. Thus, when the endogenous serotonin was washed out of the 
segments, no additional relaxation was produced by the antimetabolites. 
This was taken as evidence that the analogues were not merely affecting 
the muscles in the walls of the arteries unspecifically, thus causing them 
to lose tone in a way not related to the action of serotonin. When, how- 
ever, the rings were not washed and were allowed to remain contracted,’ 
the application of an analogue such as 2 ,3-dimethyl-5-aminoindole caused 
relaxation to the diameter which would have been attained had the seg- 
ments merely been washed thoroughly. 


DISCUSSION 


The results of this study shed light on the relationship of chemical 
structure to biological activity of the kind exemplified by the constriction 
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of ring-shaped segments of carotid arteries (compare Table III and Fig. 
2). Itis clear that the metabolite, viz. serotonin, is not exquisitely specific 
in causing contraction. Tryptamine, which lacks the hydroxyl group in 
position 5, still retains some metabolite-like activity, as does also 5-amino- 
tryptamine (Compound 18) and 5-nitrotryptamine (Compound 17). The 
aliphatic amino groups of 5-aminotryptamine can be methylated, as in 
Compound 19, without complete loss of metabolite potency, but any further 
modification of this aliphatic amino group (Compounds 20 and 21) destroys 
appreciable prometabolite properties. These substances also lack appre- 
ciable antimetabolite potency. However, if a further change is made and 


CHe HN CHe 
z Out re 
NH 
2 N CH; 
H 


Serotonin 

3-(@- aminoethy1)- 2-methy1-3-ethyl- 

5-hydroxyindole 5-aminoindole 

H,N CHe HN He 
“gi Elke 
2 

hj He 

3-(@-dimethylaminoethy!)- 6-amino-1,2,3,4- 
5-aminoindole tetrahydrocarbazole 


Fig. 2. Structures of serotonin and some of its analogues 


the primary aliphatic amino group is replaced with a piperidinyl radical 
as in Compound 22, antimetabolite properties are exhibited. If the ali- 
phatic amino group of the aminotryptamine is dispensed with completely, 
as in Compound 6, antimetabolite activity likewise arises. 

From the curious properties of Compound 19, which has both types of 
biological activity, the complete transition from pro- to antiserotonin effects 
can be appreciated. The exhibition of both kinds of action (prometabolite 
and antimetabolite) by a single substance has been observed previously 
with compounds related to pantothenic acid (19) and to thyroxine (20). 
In fact, many of the findings in the present paper exemplify the spectrum 
of antimetabolite activity which has already been described (21). 

All of the analogues in this study which behaved as antimetabolites 
possessed the amino group in the indole ring. Acylation, or removal of the 
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group as in Compounds 11, 12, and 14, led to inactive analogues. Simi- 
larly the corresponding nitrocompounds were not active. Nevertheless, 
in intact animals, these nitro analogues have been shown to be active and 
to have other desirable properties (22). 

The amino group need not be at position 5, the position of the hydroxy 
of serotonin. Thus, good activity was found in 6- and 7-aminoindoles 
(Compounds 9 and 10) and some potency was exhibited by a 4-aminoindole 
(Compound 8). Similarly, the hydroxyl group of serotonin does not have 
to be in the 5 position because 7-hydroxytryptamine exhibited some pro- 
metabolite action in animals (9). 

The methyl group in position 2 of the indole ring seemed to enhance 
potency. Compare Compounds 2, 7, and 23 with Compounds 6 and 22. 
This was a fortunate finding because the synthesis of 2 ,3-dialkylindoles 
is much easier than is that of the 3-alkyl compounds (15). Perhaps the 
substitution in the 2 position, by removing the possibility of condensation 
with aldehydes (15), serves to preserve the analogue from destruction. 


SUMMARY 


An in vitro test for measurement of antiserotonin activity was developed. 
This test depended upon the overcoming of the constriction of ring-shaped 
segments of carotid arteries exposed to serotonin. The reproducibility 
of results obtained by this method was investigated, and it was shown to be 
adequate for comparison of the activities of analogues of serotonin. By 
suitable slight modification, this test could be used to measure serotonin-like 
activity as well as antiserotonin potency. A series of twenty-two struc- 
tural analogues of serotonin was examined by these methods. ‘Trypt- 
amine, 5-aminotryptamine, and 5-nitrotryptamine exhibited serotonin-like 
activity, although none was as powerful as the metabolite itself. 3-(6- 
Dimethylaminoethy])-5-aminoindole possessed both pro- and antiserotonin 
potency, depending upon the concentration tested. Several 3-alkyl-5-am- 
inoindoles and several 2 ,3-dialkyl-5-aminoindoles were relatively active 
antimetabolites. The effects on potency of changes in the position of the 
aromatic amino group were investigated. The 5-, 6-, or 7-aminoindoles 
were more active than the 4 isomer. The antagonistic effect against 
serotonin shown by 2,3-dimethyl-5-aminoindole was demonstrated to be 
of the competitive kind, and the effect of other active analogues was shown 
to be reversible by serotonin. The kind of antagonism exhibited by these 
others was not investigated further. Other correlations of chemical struc- 


ture with biological activity were made. The well known contraction of | 
arteries when they are cut was shown to be reversed by these antiserotonins. 
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THE OXYGEN EQUILIBRIUM OF FETAL AND ADULT HUMAN 
HEMOGLOBIN 


By DAVID W. ALLEN, JEFFRIES WYMAN, Jr., anp CLEMENT A. SMITH 


(From the Biological Laboratories, Harvard University, Cambridge, the Department of 
Pediatrics, Harvard Medical School, and the Boston Lying-In Hospital, 
Boston, Massachusetts) 


(Received for publication, January 7, 1953) 


Although the fetal and adult hemoglobins of many species, including 
man, are essentially similar in molecular weight and in spectroscopic char- 
acteristics, they exhibit marked differences in other chemical and physi- 
cal properties (1-6). Therefore, they may be assumed to represent dis- 
tinct chemical entities. The present study was undertaken to determine 
whether the chemical difference is expressed in variation of oxygen equi- 
libria. 

The oxygen equilibrium of hemoglobin is conveniently characterized in 
terms of Hill’s equation 

K," 
1+K," 





In this equation, Y is the fractional saturation of the hemoglobin with 
oxygen, K is a constant, and p is the oxygen pressure. The quantity » 
is a measure of the over-all interaction between the four hemes, and thus 
represents one fundamental characteristic of the oxygen equilibrium curve. 
Change in the value of n reflects increased or decreased interaction between 
the hemes, such as would be expressed by differences of the inflection and 
sigmoid character of the oxygen equilibrium curve.!. A second important 
characteristic of the curve is the oxygen affinity, conveniently defined by 
the reciprocal of the oxygen pressure at which the hemoglobin is half sat- 
urated (pj). 

Previous investigators have studied one or both of these aspects of fetal 
and adult human hemoglobins in whole blood (7-10) and as hemoglobin 
in solution (11-13). In the case of hemoglobin in whole blood or washed 
corpuscles, a greater affinity of the fetal than of the maternal specimens for 
oxygen has been indicated by most investigations, including a former one 
from this hospital (10). That study also indicated the value of n to be 
the same, within limits of error, for blood from the two sources. Changes 
in the serum salt concentrations were considered too small to account for 


‘For a discussion of the significance of n as a measure of heme interactions see 
Wyman (6). 


81 








82 OXYGEN EQUILIBRIUM OF HEMOGLOBIN 


the shift in the fetal oxygen equilibrium curve. No significant difference 
was found between the oxygen affinity of blood from term and premature 
fetuses. 

These results on whole blood stand in contrast to those obtained by 
other investigators working with hemoglobin from freshly laked cells (12, 
13), from which it appears that the oxygen affinity of the fetal hemoglobin 
in solution is less than that of adult hemoglobin. Particular interest 
attaches to the work of McCarthy (11), who obtained oxygen equilibrium 
curves both from suspensions of corpuscles obtained from human maternal 
and fetal blood and from concentrated solutions of maternal and fetal 
hemoglobins. His solutions, dialyzed against m/7 phosphate at pH 6.8, 
showed smaller differences between oxygen affinities of fetal and maternal 
hemoglobins than were found by previous workers with freshly laked cells, 
although the fetal hemoglobin solution still had a lower affinity than the 
maternal. The range of n found by McCarthy for maternal hemoglobin 
was 2.8 to 1.7 (average 2.3) and for fetal hemoglobin 2.8 to 1.5 (average 
2.1). Similar low values of n (but within a narrower range) have been 
observed by Riggs after dialysis of human adult hemoglobin solutions (14). 
In view of the apparent inconsistency between the results on whole blood 
and hemoglobin solutions, oxygen equilibria of fetal and adult human 
hemoglobin from freshly laked cells have been reinvestigated. 


Methods 


Solutions of fetal hemoglobin were prepared from umbilical cord blood 
taken at birth. In most instances, as specified below, the maternal hemo- 
globin was from the simultaneously obtained blood of the mother. Samples 
from either source were centrifuged and the cells washed three or four times 
with 0.9 per cent NaCl solution, before being hemolyzed for 2 hours with 
an equal volume of distilled water and 0.4 volume of toluene. The hemo- 
lyzed mixture was centrifuged at high speed in a Servall angle centrifuge, 
the hemoglobin layer removed, and the process repeated until a clear solu- 
tion was obtained. To this was added enough phosphate buffer to make 
the final phosphate concentration 0.4 mM. The pH was measured with a 
glass electrode. 

In Experiments 1 to 6 (Table I), the oxygen equilibrium was then deter- 
mined. In Experiments 7 to 12 (Table II) maternal and fetal hemoglobin 
solutions prepared as above were treated to reduce differences in their 
dialyzable components before oxygen equilibria were measured. The two 
hemoglobin solutions from each of six deliveries were placed in Visking 
dialysis sacks and both dialyzed simultaneously against the same sample 
of 0.4 m phosphate buffer containing glucose at a concentration of 1.0 M. 
The glucose was added both to prevent dilution and to increase stability 
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of the hemoglobin solution, as suggested by Pennell and Smith (15). Di- 
alysis was continued for 8 to 16 hours at 4° with constant stirring of the out- 
side solution. Because of the limited volume of that solution (50 cc. versus 
5 cc. of each hemoglobin solution) this procedure was not expected to 
remove all dialyzable components, but rather to render each pair of hemo- 
globin solutions alike in respect to such components. 

The oxygen equilibrium measurements were carried out by a method 
previously described (16) involving a special tonometer into which known 
amounts of oxygen are injected after repeated evacuation to water vapor 
pressure and washing with nitrogen. Photometric analyses were made at a 
wave-length of approximately 710 my. All work was done at 20°. 


Results 


Table I summarizes the results obtained on fresh hemoglobin solutions, 
without dialysis. Fetal and maternal hemoglobins listed under the same 
experiment number in Column 1 represent blood samples taken simul- 
taneously at one delivery, as in Experiments 1, 5, and 6. In Experiment 2, 
hemoglobin from a 31 week fetus was analyzed on two successive days; 
maternal blood was not obtained. Experiments 3 and 4 represent maternal 
blood only, taken at delivery. The concentrations of hemoglobin in the 
solutions, listed in Column 3, were determined from spectrophotometric 
differences in optical densities of the reduced and oxygenated sample. 
The values of n listed in Column 5 were obtained graphically from the 
slope of the curve of log Y/1 — Y versus log p between Y = 0.3 and Y = 
0.7, where the curve is essentially straight. The oxygen affinity is ex- 
pressed (Column 6) as the log of half saturation oxygen pressure. It 
should be noted that a change of log 7; of 0.01 corresponds to a change of 
2 per cent in p;. Column 7 gives the value of log p; reduced to an ar- 
bitrarily chosen reference pH of 7.20. In making this reduction it was 
assumed that, over the small pH range involved in these experiments, 
Alog p,/ApH = —0.60, the figure graphically obtained from the present 
data and identical with the value obtained by Ferry and Green on horse 
hemoglobin for the same pH range (17). 

Several observations may be made upon the data of Table I. The 
value of n is essentially the same for all hemoglobins, maternal and fetal. 
The oxygen affinity for all samples of maternal hemoglobin is the same, 
since the average value of log p; reduced to pH 7.20 (Column 7) for these 
samples is 0.928 and only one figure differed from this by as much as 0.02, 
which corresponds to 4 per cent in p, itself. The fetal hemoglobin affinities 
are equally uniform, since, including the values for the preterm fetus, the 
average value of log p, (Column 7) is 0.988, with only one departure from 
this by as much as 0.018. On the other hand, the oxygen affinities of ma- 
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Fra. 1. Oxygen equilibrium of maternal and fetal hemoglobin solutions from one | 





mother and her infant at delivery. No dialysis. 
hemoglobin with oxygen; p = oxygen pressure. 
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ternal and fetal hemoglobins present a significant difference amounting to 


| 0.06 in log p3, or approximately 13 per cent in p;. Fetal hemoglobin has 
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the lesser oxygen affinity. This is illustrated by Fig. 1 which shows the 
original data for one pair of experiments made at pH 7.21. The direction 
of this difference between oxygen affinities of fetal and adult hemoglobin 
solutions is that observed by previous workers and is opposite to the findings 
on whole blood according to the work of Darling e¢ al. (10) and of others 
(7-9). 

The results obtained after the attempt to render fetal and adult hemo- 
globin solutions similar in dialyzable components are presented in Table 
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II. The dialysis did not alter the value of n for either the fetal or maternal 
hemoglobins. On the other hand, in sharp contrast to the results in Table 
I, no significant difference between oxygen affinities of maternal and fetal 
hemoglobins was found after dialysis. The mean value of log p: for ma- 
ternal hemoglobin reduced to pH 7.20 (Column 7) is 1.013, only one point 
departing from this by as much as 0.017; that for fetal hemoglobin is also 
1.013, the most discrepant point departing by 0.027. This identity of 
oxygen equilibria is illustrated in Fig. 2, which gives the data obtained 
in Experiments 8 and 10, in which all four hemoglobins were essentially at 
pH 7.20 so that no Bohr effect correction need be considered. 

The foregoing experiments suggest that, although human fetal and adult 
hemoglobins presumably are chemically different, they are indistinguish- 
able in regard to reaction with oxygen, provided that differences in dialyz- 
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able factors are removed. The dialyzable substance or substances re- 
sponsible for the effect just discussed were not identified, but it has long 
been known that various ions (18) and other dialyzable substances (19) 
affect hemoglobin in such respects. A further possibility is suggested by 
the work of Riggs (14). He showed that increase in oxygen affinity demon- 
strable after dialysis of human hemoglobin solutions could be reversed by 
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Fic. 2. Oxygen equilibrium of maternal and fetal hemoglobin solutions after 
dialysis as described in the text. 


subsequent addition of glutathione, and thus may represent the loss of 
this dialyzable substance. No measurements of glutathione in maternal 
or fetal blood have been discovered in the literature. 


SUMMARY 


1. Fetal hemoglobin solutions were prepared by laking fresh red blood 
cells from one premature and three term human infants at birth. Adult 
hemoglobin solutions were similarly prepared from fresh red blood cells of 
six women at delivery. The oxygen affinities of the fetal hemoglobin 
solutions were consistently less than those of the maternal hemoglobin 
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solutions by a difference of approximately 13 per cent in half saturation 
oxygen pressure (p,). The calculated value of n, as an expression of in- 
flection and sigmoid character of the oxygen equilibrium curve, was es- 
sentially similar for all ten hemoglobin samples. 

2. The similarly prepared hemoglobin solutions from fetal and maternal 
blood obtained at delivery were dialyzed simultaneously against a common 
surrounding solution of restricted volume to equalize the concentrations of 
their diffusible components. Measurements made after this dialysis in- 
dicated approximately uniform oxygen affinities of the fetal and maternal 
hemoglobins from six term deliveries. The n values remained unchanged 
and thus also uniform. 

3. These findings suggest that reported differences in oxygen equilibria 
of human fetal and maternal hemoglobins may result from differences 
in the environment of the hemoglobin molecule rather than from intrinsic 
differences in the molecule itself. 
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INHIBITION OF GUANASE IN VITRO BY VARIOUS 
PTERIDINE COMPOUNDS* 
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(From the Departments of Biochemistry and Surgery, College of Physicians and 
Surgeons, Columbia University, New York, New York) 


(Received for publication, January 7, 1953) 


Pteridine derivatives have been shown to interfere with xanthine and 
guanine metabolism in vitro. 2-Amino-4-hydroxy-6-formylpteridine (1-3) 
and 2-amino-4-hydroxy-6-hydroxymethylpteridine (3) have been demon- 
strated to be potent inhibitors of xanthine oxidase in vitro. More recently, 
it has been observed that crude folic acid (4) and 6-formylpteridine (5) are 
inhibitors of guanase in vitro. Further investigation along these lines, 
utilizing the four 2-amino-4-hydroxypteridine derivatives reported in this 
paper, serve to demonstrate that the degree and type of guanase inhibition 
are affected by the configuration around the 6 position of the pteridine 
nucleus. 


EXPERIMENTAL 


C57 male black mice were killed by cervical rupture. The livers were 
immediately removed and chilled in ice-cold isotonic saline. The tissues 
were blotted dry, weighed, and homogenized in a glass homogenizer of the 
Potter-Elvehjem type with 2 volumes of cold 0.1 N borate buffer at pH 
8.4. The homogenates were then centrifuged at 22,000 X g for 30 minutes 
in the cold. The resulting clear, pink supernatant fluid, equivalent to 30 
per cent fresh liver, was used as the enzyme source. 

8-Azaguanine was used as the substrate in preference to guanine, since 
the former compound is far more soluble at physiological pH than is the 
latter. That guanase readily deaminates 8-azaguanine has previously been 
demonstrated (6). The pteridine derivatives studied were 2-amino-4-hy- 
droxy-6-hydroxymethylpteridine (6-hydroxymethylpteridine), 2-amino-4- 

* This work was supported by the Ruth Cutting Auchincloss Memorial Fund. 
We wish to express our appreciation to Dr. J. M. Ruegsegger of the Lederle Labora- 
tories Division, American Cyanamid Company, Pearl River, New York, for supplies 
of 8-azaguanine, 6-carboxypteridine, and xanthopterin; to Dr. R. O. Roblin, Jr., 
and Dr. J. M. Smith, Jr., of the American Cyanamid Company, Stamford, Connecti- 
cut, and Bound Brook, New Jersey, for 6-formylpteridine; to Dr. H. Petering, The 
Upjohn Company, Kalamazoo, Michigan, for 6-hydroxymethylpteridine; and to 
Dr. K. Folkers of Merck and Company, Inc., Rahway, New Jersey, for xanthopterin. 


The authors wish to acknowledge the technical assistance of Miss E. Borries. 
+ Fellow of the Dazian Foundation for Medical Research. 
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hydroxypteridine-6-carboxylic acid (6-carboxypteridine), 2-amino-4 ,6-di- 
hydroxypteridine (xanthopterin), and 2-amino-4-hydroxy-6-formylpteridine 
(6-formylpteridine). Solutions of these compounds and 8-azaguanine were 
prepared by suspension in a 0.5 volume of 0.1 N borate buffer (pH 8.4), 
followed by the addition of the minimal amount of 40 per cent NaOH 
needed to effect solution. The pH was adjusted to approximately 8.5 prior 
to dilution to volume. Solutions of substrate and inhibiting substances 
were freshly prepared each time before use. 

Guanase activity was measured by the microdetermination of the am- 
monia produced by the deamination of the substrate (7). The total vol- 
ume in each flask was 3 ml. and the reaction temperature was 37°. All 
determinations were run in duplicate and endogenous controls were in- 
cluded throughout. 


RESULTS AND DISCUSSION 


Studies conducted to determine the affinity of the four 2-amino-4-hy- 
droxypteridine derivatives for guanase are presented in Table I. Of the 
four compounds tested only one, 6-carboxypteridine, was without activity 
in inhibiting guanase. Xanthopterin acted independently of any time- 
substrate relationship. The inhibiting action of 6-formylpteridine and 6- 
hydroxymethylpteridine was, however, dependent on preincubation with 
enzyme before the addition of the substrate, the degree of inhibition being 
related to the length of the preincubation period. 

Insight into the type of inhibition produced by a metabolic antagonist 
in vitro may be obtained by measuring the reaction rates of various concen- 
trations of enzyme, if the levels of inhibitor and substrate are kept constant 
(8). Plotting the reaction rate against increasing enzyme concentration, 
in the case of a non-inhibited system, results in a straight line which passes 
through the origin. The introduction of a reversible inhibitor into the 
system also produces a straight line through the origin, but with a differ- 
ent slope. This is due to a proportional decrease in the amount of enzyme 
participating in the reaction, the total amount of enzyme potentially avail- 
able being unaltered. The addition of an irreversible inhibitor, 7.e. an 
inhibitor that is truly irreversible or one with a dissociation constant so 
low that it virtually titrates the enzyme (pseudoirreversible), produces a 
straight line which passes through the enzyme-axis, the slope being similar 
to that of the non-inhibited system. This shift is brought about by the 
inactivation of a constant quantity of enzyme which is independent of the 
total amount present. 

Data obtained through the application of this concept to the present 
study are presented on Fig. 1. It should be emphasized at this point that 
the main purpose of the graph is not to determine dissociation constants 
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TABLE | 
Effect of Preincubation of Various Pteridine Compounds with Guanase* 





Preincubation time 








Pteridine derivative 0 min. 30 min. “ eis 
Per cent inhibition 
Manthoptermn( [5h 2. 200. PAA det 27 | 27 27 
6-Hydroxymethylpteridine.................. 6 | 19 26 
6-Forityipteridines.... ages ccceenanddss sabe 11 19 | 22 
6-Carboxypterigibies ors. 0 'soiee Vinvencde cde see 1 0 | 0 





*1 ml. of supernatant fluid equivalent to 300 mg. of fresh tissue was added to 
each reaction vessel. The inhibitors (0.005 mole per ml. of reaction mixture) were 
added 0, 30, and 60 minutes before the addition of the 8-azaguanine (0.011 mole per 
ml. of reaction mixture). The final volume in the vessels was 3 ml. The val- 
ues, corrected for endogenous ammonia, are the average of two experiments and 
are expressed as 

ik oe & NH2-N deaminated in 2 hrs. at 37° (inhibited system) % 10) 





y NH:-N deaminated in 2 hrs. at 37° (control system) 
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Fig. 1. Effect of various 6-pteridine derivatives on the inhibition of guanase in 
vitro. A, control; A, 6-formylpteridine; @, 6-hydroxymethylpteridine; O, xan- 
thopterin. 8-Azaguanine and inhibiting substances were added to a final concen- 
tration of 0,011 and 0.005 mole per ml. of reaction mixture, respectively. The in- 
hibitors were preincubated with enzyme for 30 minutes prior to the addition of 
substrate and for 120 minutes in the presence of substrate. All values are the average 
of at least two experiments and all determinations were run in duplicate. In all 
cases corrections have been made for endogenous ammonia. The final volume in 
reaction vessels was 3 ml. and the temperature of reaction 37°. Enzyme concentra- 
tion is expressed in equivalents of mg. of fresh tissue. 
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but to distinguish between reversible and irreversible inhibition. Control 
data yielded an acceptable straight line that passed through the origin. 
The addition of 6-formylpteridine produced a straight Jine that intercepted 
the x axis to the right of the origin, indicating that 6-formylpteridine falls 
in the class of irreversible inhibitors. The addition of either xanthopterin 
or 6-hydroxymethylpteridine produced a straight line which, while passing 
through the origin, possessed a different slope, indicating that these two 
compounds reversibly inhibit guanase. However, the degree of inhibition 
exerted by 6-hydroxymethylpteridine is dependent on the time of addition 
of substrate. It is therefore doubtful that 6-hydroxymethylpteridine, al- 
though a reversible inhibitor of guanase, is a true competitive inhibitor, 
since true competitive inhibition produces the same degree of antagonism 
regardless of whether the inhibitor is added simultaneously or prior to the 
addition of substrate. Xanthopterin, on the other hand, reversibly in- 
hibits guanase independently of any time-substrate relationships. Thus, 
xanthopterin appears to be a competitive inhibitor of guanase. However, 
a Lineweaver-Burk analysis (9) would be necessary to demonstrate such a 
relationship conclusively. Since a detailed study of kinetics was not within 
the scope of this paper, this was not carried out. 

The inhibition of xanthine oxidase by borate (10) eliminates any indirect 
effect that might be produced by an alteration of xanthine metabolism 
by the pteridine compounds studied. Therefore, it can be assumed that 
the observations presented are due to a direct effect on guanase. 

The results reported indicate that both the type and degree of inhibition 
produced by the above 2-amino-4-hydroxypteridine compounds are affected 
by the configuration around position 6 of the pteridine nucleus. The 
presence of an aldehyde group at the 6 position (6-formylpteridine) pro- 
duces an irreversible type of inhibition. Oxidation of the aldehyde group 
produces a compound (6-carboxypteridine) lacking ability to inhibit guan- 
ase. Reduction of the aldehyde group results in a compound (6-hydroxy- 
methylpteridine) which, while reversibly inhibiting guanase, apparently 
does not do so in a truly competitive manner. This phenomenon could be 
due to a small amount of steric hindrance produced by the hydroxymethy] 
group, preventing the free combination of inhibitor and enzyme necessary 
for true competitive antagonism. Substituting a hydroxyl for the aldehyde 
group at position 6 results in a molecule (xanthopterin) which appears to 
be a true competitive inhibitor of guanase. 

If the inability of 6-carboxypteridine to inhibit guanase can be explained 
by steric hindrance, then it must be concluded that pteridines containing 
a still larger grouping around the same position would also be inactive. 
Therefore, it is extremely doubtful that folic acid, per se, is an inhibitor of 
guanase in vitro. 
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SUMMARY 


1. 6-Formylpteridine, 6-hydroxymethylpteridine, and xanthopterin were 
demonstrated to antagonize guanase in vitro. Under similar conditions, 
6-carboxypteridine was inactive. 

2. 6-Formylpteridine was found to inhibit guanase irreversibly. Xan- 
thopterin and 6-hydroxymethylpteridine inhibited guanase reversibly. 

3. The inhibition of guanase in vitro produced by 6-formylpteridine and 
6-hydroxymethylpteridine was found to be dependent on preincubation of 
enzyme with inhibitor before the addition of substrate, the degree of in- 
hibition being related to the length of the preincubation period. Xan- 
thopterin inhibited guanase independently of the time-substrate relation- 
ship. 

4. Possible explanations of the observed results are discussed. 
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Recent work in this and other laboratories identified acetyl coenzyme A 
(CoA) with the immediate acetyl donor for a large number of now well 
understood biosynthetic reactions (1). It appears justified to generalize 
this experience and postulate the identity of acetyl coenzyme A with the 
so called “active 2-carbon fragment” (2) previously characterized by incor- 
poration of isotopically marked acetate into various larger molecules. The 
present work, some results of which have already been reported briefly (3), 
represents a preliminary justification of such an identification with regard 
to fatty acid and steroid synthesis. Experiments will be reported relating 
the CoA level of the yeast Saccharomyces cerevisiae to ergosterol and fatty 
acid synthesis. In a subsequent paper, similar observations with rat liver 
will be reported. 

The methodology used here was largely analogous to that employed 
previously in experiments demonstrating a dependence of the oxidation of 
acetate on CoA (4). 


Materials and Methods 


Saccharomyces cerevisiae, strain LK2G12, was used throughout these ex- 
periments. It was grown and subcultured in a medium of the following 
composition: 2.0 per cent sucrose, 0.1 per cent NH,Cl, 0.1 per cent yeast 
extract, and 0.1 m KH2POQ,. 

When yeasts that were deficient in CoA (low CoA yeast) were desired, 
cells were harvested from this medium, washed three times in distilled 
water, and then grown with vigorous aeration in the basal medium of 
Sarett and Cheldelin (5). To this medium sometimes small amounts of 
pantothenic acid were added in order to increase the yield of deficient cells. 

For the reconstitution of the normal CoA content of low CoA yeasts, 


* Postdoctoral Fellow of the American Cancer Society, recommended by the 
Committee on Growth of the National Research Council. Present address, Depart- 
ment of Microbiology, School of Medicine, University of Washington, Seattle 5, 
Washington. 
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essentially the procedure developed by Novelli and Lipmann (4) was fol- 
lowed. 

To compare lipide synthesis of CoA-poor and reconstituted resting cells, 
the following procedure was employed. Pantothenic acid-deficient, cells 
were centrifuged, washed in distilled water twice, and assayed for lipides. 
They were then agitated for 2 to 3 hours in a glucose-phosphate medium 
(4) with and without pantothenate, and an aliquot was assayed for CoA 
content. Finally, the corresponding CoA-poor and CoA-rich yeast sam- 
ples were suspended in 0.1 m sodium acetate and 0.1 m phosphate buffer 
(pH 7.2) and vigorously aerated at 30° for 16 hours. Upon completion of 
the incubation period in acetate, the yeast cells were washed, dried, and 
again analyzed for lipide content. 

For the determination of total lipides, cells were dried over P.O; in 
vacuo, after which the dried cells were ground to a fine powder and ex- 
tracted with chloroform in a Soxhlet extractor for 24 hours. Aliquots of 
the chloroform extract were evaporated to dryness and weighed. 

When only sterol content was to be determined, the yeast was treated 
with 75 per cent methyl alcohol and dried according to Bills et al. (6). The 
unsaponifiable fraction was extracted by the method of Ettinger and Sobel 
(7), and ergosterol was measured directly on the resulting chloroform solu- 
tion spectrophotometrically or colorimetrically by a modification of the 
Liebermann-Burchard reaction as described by Sobel and Mayer (8). 

For the experiments with CH;C“OOH, the yeast cells were centrifuged 
from a medium containing labeled acetate, after which they were hydro- 
lyzed by heating with 0.5 ml. of saturated KOH and 100 ml. of ethyl alco- 
hol per 250 mg. of packed cells. The non-saponifiable fraction was ob- 
tained by several petroleum ether extractions of the hydrolyzed material. 
Subsequently, this extract was heated to dryness under a stream of N» and 
the residue once more extracted with boiling petroleum ether. This ex- 
tract was washed successively, twice with alkaline 0.1 m sodium acetate 
solution and twice with water. Finally, the petroleum ether was again 
removed by boiling, as before; the non-saponifiable material was dissolved 
in hot alcohol, and the digitonin-precipitable steroids were precipitated 
according to Sobel and Mayer (8). 

Fatty acids were extracted after acidification of the aqueous phase with 
dilute H.SO,. The petroleum ether extracts were taken to dryness as be- 
fore; the fatty acids were redissolved in hot petroleum ether and washed 
three times with 10 per cent acetic acid and twice with water. 

After drying, the fatty acids and digitonides were weighed and samples 
were plated directly on aluminum cups and counted with a Tracerlab 
autoscaler having the thin window Geiger tube. 

CoA was assayed by the method of Kaplan and Lipmann (9). 
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Results 


It is apparent from Table I that with increasing concentrations of panto- 
thenic acid the yield of cells is a function of the initial pantothenic acid 
concentration. Furthermore, it appears that the sterol content per unit 
of weight is also dependent on pantothenic acid concentration. Similar 
observations with another yeast were made by Levin and Garey (10). 


TasBiLe [ 


Influence of Pantothenic Acid Concentration on Cell Yield and on Steroid Content of 
S. cerevisiae 


Pantothenic acid in growth medium| Final cell yield Steroid content 














¥ per ml. mg. per ml. mg. per gm. dry cells 
0 0.5 1.0 
0.002 0.6 ys | 
0.005 1.5 1.5 
0.01 1.9 ey 
0.08 2.2 1.9 





The cells were grown at 30° for 18 hours with aeration, after which samples were 
removed for determination of the yield. The remaining cells were dried and ana- 
lyzed for steroids. 





TaBLe II 


Steroid and CoA Content of S. cerevisiae Grown with Different Amounts 
of Pantothenic Acid 





Steroid content 





Pantothenic acid in growth medium CoA | 
a per ml. st units per gm. dry cells | mg. pom ae calls 
0 35 | 0.9 
0.05 95 1.4 
0.10 140 | 1.9 








The cells were grown at 30° for 16 hours with aeration, after which samples were 
removed for CoA analysis. The remaining cells were assayed for steroids. 


Experiments relating steroid content to cellular CoA rather than to the 
pantothenic acid concentration of the growth medium are presented in 
Table II, which shows a parallel between cellular CoA and ergosterol con- 
tent. Such a parallel appeared more clearly by the comparison of lipide 
synthesis with CoA-rich and CoA-poor resting yeast (4). For this purpose, 
as described above, pantothenic acid-deficient yeast was washed, analyzed 
for lipide content, and divided into two portions. One-half was aerated in 
a glucose-phosphate medium (4) for 3 hours with pantothenic acid; the 
other half was treated in the same manner but without pantothenic acid. 
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Under such conditions, the CoA content of the cells treated with panto- 
thenic acid increased 5 to 6-fold; 7.e., from averages of 50 to 260 units per 
mg. of dry cells (9). Then both batches were washed free of pantothenic 
acid, aerated in acetate-phosphate buffer for 16 hours, and again analyzed 





TaBie III 
Lipide Synthesis with CoA-Poor and CoA-Rich Resting Cells of S. cerevisiae 
oe a Sc MS 
| ¥ per mil. unils per gm. dry cells mg. per gm. dry cells | mg. per gm. dry cells 
1 | 0 37 —0.2 | 
0.02 67 1.2 
2 0 | 47 0.2 2.4 
10 280 2.5 | 12.7 
3 0 60 | 0.4 1.0 
10 | 310 1.8 8.6 
4 0 57 0.2 1.2 
10 300 ier 9.6 
5 | 0 60 1.8 
10 | 165 6.2 





Identical pantothenic acid-deficient yeast samples were assayed for steroids and 
total lipides after harvesting; the average content was 1.5 mg. of steroid and 7.7 
mg. of total lipide per gm. of dry cells. The samples were then incubated with 
and without pantothenic acid for 3 hours, washed, and assayed for CoA. Subse- 
quently, the yeast samples were incubated for 16 hours in an acetate-phosphate 
medium and analyzed for steroid and total lipide. The values given for synthesis 
represent the difference between the initial and final determinations. 


TABLE IV 
Specific Activity of Fatty Acids and Steroids Isolated from CoA-Poor and CoA-Rich 
Resting Cells of S. cerevisiae, Incubated with Labeled Acetate 

and Glucose under Anaerobic Conditions 


CoA-rich 


| CoA-poor | 
| 
; 
WGA CONTENE, NTIS DET YM...6 6s. es ec cede tae | 45 | 170 
PRUCYy BOGS; C/I. PON MY.:.....0.5 0650 eck eee | 67 182 
Sterdids) Gm. per Wigs ON ke. 


th tate | 12 38 





Deficient cells were harvested from synthetic medium, washed, and then incu- 
bated in 0.05 m phosphate buffer (pH 4.5) and 1 per cent glucose. Half the cells 
received pantothenic acid (10 y per ml.) in addition. After 5 hours incubation, sam- 
ples were assayed for CoA, and to 100 ml. of each yeast suspension (equivalent to 
250 mg. of dry cells) were added 2.5 um of CH;C“OOK containing 1 X 105 ¢.p.m. 
After 2 hours further incubation, the cells were centrifuged and fractionated as 
described in the text. 
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for ergosterol as well as for total lipides. Table III shows the results of 
several such experiments. 

It appears from these data that a close relationship exists between the 
CoA content of the sample and its ability to synthesize lipides. It might 
be argued, however, that the effect of CoA is not so much on lipide forma- 
tion but rather on acetate oxidation, since it is known (4) that CoA-defi- 
cient yeast cells respire acetate at a reduced rate. 

The effect of CoA on lipide synthesis was therefore studied also under 
anaerobic conditions in experiments similar to those described in Table IT. 
It was found that the CoA content of our yeast, grown deficient in CoA, 
can be increased anaerobically upon the addition of pantothenic acid, 
provided that a high concentration of glucose is used. In confirmation of 
earlier observations (4), the rate of fermentation was found to be inde- 
pendent of the CoA content of yeast. 

No net increase in lipides, however, could be demonstrated under these 
conditions. But with labeled acetate, significant differences were found in 
the ability of CoA-poor and CoA-rich cells to incorporate acetate into fatty 
acids and steroids. Table IV gives the results of a typical experiment in 
which resting cells that had been grown anaerobically in a pantothenic 
acid-deficient medium were allowed to ferment glucose in the presence of 
a small amount of labeled acetate with and without pantothenic acid. The 
specific activities of both fatty acids and steroids are several times greater 
in CoA-rich cells than in the corresponding deficient ones. 


SUMMARY 


Experiments with living yeast are reported which show a parallelism 
between CoA levels and the capacity to synthesize ergosterol as well as 
total lipide. Pantothenic acid-deficient CoA-low and reconstituted CoA- 
high resting yeast samples were used in these experiments. 
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The earliest observations which indicated a relationship between pan- 
tothenic acid deficiency and steroid metabolism seem to be the rather 
specific effect of this deficiency on the adrenal cortex (1), causing lipide 
depletion and degeneration. After the identification of cellular panto- 
thenic acid with coenzyme A (CoA) and after discovery of the relationship 
of CoA, and therefore pantothenic acid, to acetyl] transfer reactions, the 
phenomenon was restudied more recently by various groups. Olson and 
Kaplan (2) showed that the content in CoA in the adrenal of the rat is 
highest next to liver and is rather rapidly depleted in pantothenic acid 
deficiency. Morgan and her group (3) and Winters! restudied the adrenal 
and general symptoms of pantothenic acid deficiency with reference to 
steroid metabolism. Winters observed symptoms of adrenal cortex in- 
sufficiency in pantothenic acid deficiency as measured by endocrinological 
techniques. In these studies, furthermore, the level of liver cholesterol 
and fat was found to be low in pantothenic acid-deficient animals. 

As shown in Paper I (4), a relationship between CoA and fatty acid 
as well as steroid synthesis was established in the yeast. It will be shown 
in this paper that, similarly in the rat liver, the CoA level appears to be a 
limiting factor for the synthesis of fatty acid and steroids. 


Materials and Methods 


Production of Pantothenic Acid Deficiency—For the production of pan- 
tothenic acid-deficient animals, male rats of the Wistar strain were used. 
The procedure found most successful was that of placing weanling rats on 
the deficient diet of Riggs and Hegsted (5). After 4 to 6 weeks, these 
animals showed the classical signs of pantothenic acid deficiency, including 
marked loss in weight, loss of hair, rusty colored hair, porphyrin-caked 
whiskers and nose. 


* Postdoctoral Fellow of the American Cancer Society, recommended by the 
Committee on Growth of the National Research Council. Present address, Depart- 
ment of Microbiology, School of Medicine, University of Washington, Seattle 5, 
Washington. 

1 Personal communication from R. W. Winters (see Winters et al. (29)). 
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Control animals receiving the test diet plus calcium pantothenate (2 
mg. per 100 gm. of diet) gained steadily for several weeks (Fig. 1). In the 
initial experiments sulfasuxidine (2 per cent of diet) was added both to 
control and deficient diets in order to minimize intestinal synthesis of 
pantothenic acid. At the same time folic acid (20 y per gm.) and biotin 
(10 y per 100 gm.) were added to both diets to replenish these factors, 
which are also synthesized by the intestinal flora of the rat (6). Since the 
addition of the sulfasuxidine, however, was found to make very little 
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Fic. 1. Growth curves of weanling rats on pantothenic acid-deficient and con- 
trol diets. Each point represents the average weight of six animals. 


difference, it was omitted in later experiments. Typical growth curves for 
animals used in the following experiments are shown in Fig. 1. 

Radioactive M easurements—Incorporation of labeled acetate by liver slices 
was determined after incubation, in an atmosphere of 95 per cent O2-5 per 
cent COs, of 0.2 to 1.0 gm. of slices (cut with the Stadie slicer) in 5.0 to 
7.5 ml. of Krebs-Ringer (7) bicarbonate buffer (pH 7.4) containing 0.5 ml. 
(30 um) of CH;C“OONa. The slices were incubated at 37.5° for 4 to 5 
hours. Following incubation, 0.5 ml. of saturated KOH and 15 volumes 
of 95 per cent alcohol were added to the reaction flasks, which were gently 
heated at 80-90° until the alcohol had evaporated. 

Cholesterol and Fatty Acid Isolation for Determination of Radioactivity— 
Cholesterol was removed by several extractions with petroleum ether, after 
which the combined extracts were evaporated to dryness, taken up in boil- 
ing petroleum ether, and washed twice with alkaline 0.1 m sodium acetate 
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solution and twice with water. The digitonide of cholesterol was pre- 
cipitated and washed according to the method of Sobel and Mayer (8). 

After removal of cholesterol, the fatty acids were released from solution 
by acidification with dilute H.SO, (1:3) and extracted with petroleum 
ether. ‘This extract was evaporated to dryness and the residual fatty acids 
were redissolved in boiling petroleum ether, after which the ether solution 
was washed three times with 10 per cent acetic acid and twice with water. 
The petroleum ether was evaporated and the fatty acids weighed. 

For radioactive measurements the digitonides were suspended in petro- 
leum ether and fatty acids were dissolved in this solvent. Both materials 
were plated directly on aluminum cups. Samples were counted with a 
Tracerlab autoscaler having a thin window Geiger tube, and the usual 
corrections were applied. 

Manometric Measurements—Respiration rates were determined on tissue 
slices incubated in Krebs-Ringer phosphate buffer (7) under O» at 37.5° 
with the conventional Warburg technique. 

CoA Determination—For routine CoA analyses, the method of Kaplan 
and Lipmann (9) was used. In the presence of larger amounts of pante- 
thine (10), this assay procedure is inadequate, since an appreciable fraction 
of added pantethine assays as CoA in this crude system (11, 12). Conse- 
quently, in those cases in which pantethine was present, the purified assay 
system of Stadtman, Novelli, and Lipmann (13) was utilized. 

Materials Used—Carboxy]-labeled sodium acetate was obtained from 
Tracerlab, Inc. The pantethine preparation was a gift of Parke, Davis 
and Company and the pantothenic acid analogues used in this investigation 
were kindly given to us by Dr. R. O. Roblin, Jr., of the American Cyana- 
mid Company. 


Results 


Experiments with Liver Slices from Deficient Animals—Liver slices from 
deficient and control animals were incubated with labeled acetate and 
then analyzed for labeled cholesterol and fatty acids. Simultaneously, 
other slices from the same livers were assayed for CoA. Table I presents 
the results of several such determinations and shows a relative inability 
of livers deficient in CoA to synthesize lipides. In addition, these results 
confirm earlier findings that the levels of fatty acids and cholesterol are 
lower in livers of CoA-deficient animals (3). For unknown reasons, in this 
series the CoA levels in our controls were quite low, averaging only about 
100 units per gm. of wet tissue. More commonly, values in the neighbor- 
hood of 200 units per gm. have been found. 

It appeared during these experiments that some rats which showed clin- 
ical symptoms of severe deficiency still retained relatively high levels of 
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CoA in the liver. In such a case the CoA content of the liver slices was 
found to correlate much better with the synthetic ability than does the 
clinical appearance of the animals. It seems, therefore, that occasionally 
the liver rather stubbornly retains CoA and continues to function almost 
normally with regard to fat and cholesterol synthesis, although such ani- 
mals display outwardly the typical signs of pantothenic acid deficiency. 
Similarly, Olson and Kaplan (2) had found earlier that only after 3 weeks 


TaBLeE I 


Incorporation of Labeled Acetate into Fatty Acids and Cholesterol by Liver Slices from 
Control and Deficient Rats 





Pantothenic acid | CoA Fatty acids Cholesterol 














Age | 
ake: eat * eilahei-iin ; ter cent ea joan ee pan ‘ebm. per gm.* 
6 Normal | 95 3.07 | 10,300 | 0.31 | 4700 
| 101 3.38 8,300 | 0.32 | 3450 
| Deficient | 47 2.67 4,900 0.29 | 2200 
| | 60 2.79 3,850 O27 | 330 
| | | 
9 | Normal | 90 | 3.12 | 4,450 | 0.81 | 415 
Deficient | 50 | 2.70 220 | 0.22 | 100 
10 | — Normal | 80 | 2.90 | 2,080 | 0.37 | 365 
| | 95 | 3.39 2,030 0.33 | 1600 
Deficient 65 2.37 | 205 | 0.30 | 270 
65 | 1.86 200 | 0.26 355 
| 
1 | Normal 130 | 3.20 8,250 | 0.31 | 1200 
| 115 3.77 1,360 | 0.29 | 800 
| Deficient 50 | 2.32 300 | 0.25 | 220 
| 56 | 2.07 210 | 0.28 | 495 


All weight references refer to wet weight. 
*Counts per minute per gm. of liver slices; 62,500 c.p.m. were added as 
CH;C'OONa. 


or more of deficiency does CoA begin to decline in the liver, while in other 
tissues, like the adrenals and kidneys, depletion begins within the Ist 
week. 

The animals used for the experiments described in Table II had out- 
wardly the appearance of a severe deficiency and were in rather poor 
nutritional condition. But it appears that only such livers in which CoA 
levels had fallen below 50 to 60 units showed low cholesterol and lipide 
synthesis. Therefore, we conclude that the depression of lipide synthesis 
runs truly parallel with CoA levels and is not caused by the poor condition 
of the animal. It is relevant to these observations that with biotin-defi- 
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cient rats of the same strain Curran (14) observed normal lipide synthesis. 
It is also noteworthy that the level of CoA had relatively little effect. on 
respiration. As shown in Table III, slices very low in CoA performed al- 
most normal over-all respiration. Similar observations were made by Ol- 
son and Kaplan (2); they found, however, qualitative changes which were 
not studied in the present series. 


TaBLeE II 
Incorporation of C'4-Acetate by Deficient Liver Slices 





| C¥ incorporated 
Age Rat weight | Liver CoA 


| | Fatty acids | Cholesterol 
wks. | gm. | units per gm. | c.p.m. per gm. | c.p.m. per gm. 
9 | 63 50 220 100 
9 70 90 | 3000 1330 
9 | 69 | 85 4100 550 
10 65 | 65 205 300 
10 | 90 | 85 | 2330 1020 
11 63 | 65 302 | 490 
11 72 | 95 2545 1290 





Control animals 9, 10, and 11 weeks old averaged, respectively, 180, 198, and 
222 gm. 
TaBLeE III 
Respiration of Slices from Normal and CoA-Deficient Rat Livers 


| CoA Qo2 

| wails jer gm. ; 
Conmtsoncehil ands ie | 121 
DGHGIONG s @): stiawieh eocshu 49 





Approximately 200 mg. of slices were incubated at 37.5° in Krebs-Ringer phos- 
phate buffer (pH 7.4) in an atmosphere of Ov. Liver slices from two deficient ani- 
mals were pooled for CoA analysis and Qo, determinations; control determinations 
were performed on slices from individual livers. 


In order to establish further the dependence of lipide synthesis on CoA, 
a number of pantothenic acid analogues were tried with the hope of getting 
direct. effects with normal slices. In a series of experiments, d-(pantoyl- 
tauryl)-p-anisidide (15)? has shown such an inhibition (Table IV), which 
could be partly reversed with pantethine (Table V). Pantothenic acid 
was not effective, nor did CoA reverse inhibition, owing presumably to 

2 The use of this compound was suggested through unpublished work by Klaus 


Hofmann and A. E. Axelrod, who observed effects of this antagonist on tissue slices. 
We are indebted to these authors for having made this information available to us. 
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impermeability. As shown in Table VI, the rate of respiration was not IV 
affected, or was affected very little. More recent experiments by Paul tha 
Srere in this laboratory, carried out on rats with high CoA levels, averaging Pre 
200 units per gm. as against an average of 100 in the experiments of Tables fan 
iti 
TaBLe IV i 
Inhibition by d-(2-Pantoyltauryl)-p-Anisidide (PTA) of Lipide Synthesis by Normal 
Rat Liver Slices I 
Experiment No. PTA Cholesterol Fatty acid as 
atin M ean. per ws. : étiike sor ome. anc 
1 0 805 13,000 is t 
7.3 X 10° 30 | 3,250 hac 
2 0 315 2,450 fro: 
3.7 X 10-3 100 | 555 
r 
3 0 460 950 fu 
1.8 X 10-3 100 | 190 sc 
4 0 725 | 1,650 ter 
1.5 X 10-8 210 | 365 rul 
: evi 
TABLE V = 
Partial Reversal of Pantoyltauryl-p-Anisidide Inhibition by Pantethine th 
Incorporation, c.p.m. per gm. tissue Ba 
Experiment No. Pantethine | Control : . Antagonist th: 
Pee aia aes Ee tra 
| Fatty acids | Cholesterol | Fatty acids | Cholesterol SV) 
ie. j al. 
1 2450 = 3315 560 | 100 on 
0.5 2300 | 305 | 825 245 lai 
2 950 | 460 | 190 100 sh 
1 2700 | 490 | 705 225 of 
3 1650 | 725 365 210 i 
1 | 2000 | 680 | 800 525 si 
ig ta’ 
fo 
Taste VI th 
Effect of Pantoyltauryl-p-Anisidide on Respiration of Normal Liver Slices er 


Pantoyltauryl-p-anisidide Qo2 co 
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IV and V, did not show this phenomenon well. This seems to indicate 
that the effect of pantoyltauryl-p-anisidide is dependent on CoA levels. 
Preliminary data show that pantoyltauryl-p-anisidide partly inhibits sul- 
fanilamide acetylation in pigeon liver extract, which may indicate compe- 
tition with CoA. 


Comments 


In amplification of the well known incorporation of acetate into steroids 
as well as into fatty acids (16, 17), a more detailed picture of cholesterol 
and fat synthesis appears to unfold. Of particular interest in this respect 
is the direct incorporation of acetoacetic acid into cholesterol (18), since it 
had previously been shown in this laboratory that acetoacetate synthesis 
from acetate is a CoA-linked reaction (19, 20). Of great promise for the 
further elucidation of the finer mechanism of steroid synthesis is the re- 
cently developing evidence for squalene (21, 22) as a precursor of choles- 
terol. These observations connect this field with studies on isoprene and 
rubber synthesis in plants by Bonner and Arreguin (23) who produced 
evidence for acetate and acetoacetate as precursors. The over-all involve- 
ment of CoA seems, therefore, beyond doubt and is further supported by 
the present experiments. 

With respect to fatty acid synthesis, the early work by Stadtman and 
Barker (24), in the light of present evidence, appears to show conclusively 
that CoA is operating in the synthesis of short chain fatty acids in Clos- 
iridium kluyverit. The details of the implication of CoA in fatty acid 
synthesis and oxidation are being studied by Green (25) and by Stern et 
al. (26). This recent work amplifies in many ways the earlier observations 
on acetoacetate synthesis by Soodak and Lipmann (19) and, in particu- 
lar, by Stadtman, Doudoroff, and Lipmann (20). The latter experiments 
showed that 2 molecules of acetyl phosphate participate in the synthesis 
of 1 mole of acetoacetate if carried out by way of transacetylase and liver 
enzyme; in other words, 2 molecules of acetyl CoA condense to acetoace- 
tate. As shown by recent studies by Lynen et al. (27), acetoacetyl CoA is 
formed and presumably undergoes further condensations. Furthermore, 
the CoA participation in the final condensation from fatty acids and glyc- 
erol, as described recently by Kornberg and Pricer (28), implicates this 
coenzyme in the eventual synthesis of neutral fat. 


SUMMARY 


In the liver of pantothenic acid-deficient rats, a parallel] is found between 
CoA levels and the synthesis of cholesterol, as well as of total lipide. 

A depression of steroid and fatty acid synthesis was observed in normal 
liver slices in the presence of the antimetabolite pantoyltauryl-p-anisidide. 
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This interference appears to depend on a relatively low content in CoA. 
A partial reversal could be obtained by pantethine, but not with panto- 
thenic acid. 


This work was substantially aided by the availability of an automatic 
sample changer for our counter, bought by funds of an Institutional Grant (F 
from the American Cancer Society, to the Massachusetts General Hospital. 
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A STUDY OF THE COFACTORS REQUIRED BY THE 
TYROSINE OXIDASE SYSTEM OF LIVER* 


By J. N. WILLIAMS, Jr., anv A. SREENIVASANT 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, January 16, 1953) 


Recently considerable work has been reported on the enzyme system in 
mammalian liver which metabolizes tyrosine to fumarate and acetoacetate. 
This conversion has been shown to consist of several steps, involving first a 
transamination of tyrosine to p-hydroxyphenylpyruvic acid, and subse- 
quent oxidation of this intermediate to 2 ,5-dihydroxyphenylpyruvic acid, 
then to homogentisic acid, and finally to fumaryl acetoacetate, which is 
hydrolyzed to fumarate and acetoacetate (1-5). Additional intermediate 
steps have not yet been elucidated, although they probably exist. 

Ascorbic acid has been implicated as a possible cofactor for at least one 
step in tyrosine oxidation, although its exact point of action has not been 
demonstrated (6-8). With the exception of the expected cofactor for the 
transaminase step, pyridoxal phosphate, cofactors for the other possible 
enzymatic steps have not been indicated. Therefore, the authors felt it 
would be important to study the tyrosine oxidase system to attempt to 
locate the site of action of ascorbic acid as well as to uncover the existence 
of any additional cofactors that might be involved in the system. For 
these purposes our investigations have been initiated with a substance 
known to destroy reduced ascorbic acid, 2,6-dichlorophenol indophenol 
(DCPP), used as a tool. The studies carried out to explain some ap- 
parently anomalous results in these experiments have led to new and 
interesting facts concerning the site of ascorbic acid action and the implica- 
tion of perhaps two new cofactors for the tyrosine oxidase system. 


EXPERIMENTAL 


Preparation of Enzyme System—To obtain a suitable and duplicable 
enzyme preparation, it was found that the total enzyme system metaboliz- 
ing tyrosine to acetoacetate and fumarate was present completely in a 
soluble form in an isotonic sucrose-rat liver homogenate. 16.7 per cent 
rat, liver homogenates (adult male Sprague-Dawley rats) were prepared in 


* Published with the approval of the Director of the Wisconsin Agricultural Ex” 
periment Station. 

+ Postdoctorate Fellow of the Rockefeller Foundation. Permanent address, Uni- 
versity Department of Chemical Technology, Bombay, India. 
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0.25 m sucrose (isotonic) and centrifuged at 0° for 4 hour at 25,000 x g. 
This procedure removes all particulate matter, including most of the micro- 
somes, and leaves the completely soluble enzymes in the supernatant solu- 
tion. This supernatant mixture of enzymes was then used as the enzyme 
preparation in the experiments reported in this paper. The liver particu- 
late matter was found to be totally devoid of tyrosine oxidase. 

Effect of DCPP on Tyrosine Oxidase—The standard system used for 
measuring tyrosine oxidase activity was prepared as follows. To duplicate 
Warburg vessels with double side arms, 1.0 ml. of Krebs-Ringer-phosphate 
buffer of pH 7.4 (9), 0.5 ml. of the enzyme preparation, and 0.7 ml. of 
water were added in the main compartment. According to the order of 
addition from the side arms (the contents of the first side arm were added 
first in all the experiments), 0.2 ml. of 0.15 M sodium a-ketoglutarate and 
0.15 M L-tyrosine suspension or water were added to one side arm, and 
various volumes of test substances as indicated in Tables I and II were 
added to the other side arm. The total volume in the flasks was brought 
to 3.9 ml. with water. After the addition of the substrate, oxygen uptakes 
were followed manometrically for various lengths of time, depending upon 
the experiment. All the reagents were brought to pH 7.4. For all of the 
enzyme experiments reported in this paper, 37° was the temperature of the 
Warburg bath. 

In the first preliminary experiments the effect of DCPP on the normal 
system was studied. Various levels of DCPP were incubated with the 
enzyme for 10 minutes before the addition of a-ketoglutarate and tyrosine. 
The results of these experiments are presented in Table I, Column 1. 
Here it can be seen that high levels of DCPP produce a marked inhibition 
of the system, which would be expected if the ascorbic acid in the system 
were being destroyed by the dye and if ascorbic acid were essential as a 
cofactor for a step in the system. At low levels of DCPP, however, a 
strikingly anomalous effect was produced in that a marked stimulation of 
activity occurred. 

In order to observe whether these results were specific for DCPP or 
could be given by other substances, methylene blue was used in place of 
DCPP. These experiments indicated that methylene blue was inactive 
except to give a negligible stimulation of oxidation at all the stoichiometric 
levels employed. 

Reversal of DCPP Inhibition—If the inhibition of tyrosine oxidase by 
DCPP is due to the destruction of ascorbic acid, the addition of an excess 
of the vitamin in vitro should reverse the inhibition of the dye. 

Therefore, the effects of ascorbic acid added to the enzyme before and 
after the addition of DCPP were studied. When ascorbic acid was added 
after the DCPP, the dye was included in the main compartment of the 
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flask and ascorbic acid in the first side arm. When ascorbic acid was 
added before the DCPP, the ascorbic acid was included in the main com- 
partment and the dye in the first side arm. A preliminary 10 minute 
incubation of either ascorbic acid or DCPP with the enzyme was carried 
out before the other substance and the substrate were added. 

The results of these experiments are presented in Table I. Here it can 
be seen that, in the absence of the dye, a marked stimulation by ascorbic 
acid occurred which is about 3 times the control activity. At the low level 
of the dye, no further effect of ascorbic acid occurred, indicating that the 
low dye concentration stimulated the system to an apparently maximal 
extent. On the other hand, at the high level of DCPP marked inhibition 
of activity was observed, and this inhibition could not be overcome by 


TABLE I 
Relationship of DCPP Stimulation and Inhibition to Presence of Ascorbic Acid 

















Ascorbic acid added 
Level of DCPP per flask 0 1000 y after dye 1000 y before dye | 2000 y before dye 
(1) ees (3) eo 
Tyrosine oxidase activity,* wl. O2 per 30 min. per flask 
B Y | 7 | ¥ ¥ 
0 sl | 196 | 190 
50 230 200 219 
200 | 90 
550 | 12 3 135 139 








* These figures are the averages of seven experiments. 


ascorbic acid, once the dye had contacted the enzyme. However, if as- 


corbic acid was incubated with the enzyme before the DCPP was added, a 
partial reversal of inhibition could be demonstrated. Increasing the level 
of ascorbic acid to 2000 y per flask did not increase this reversal to any 
greater extent. It is interesting to note that the stimulation by ascorbic 
acid in the absence of DCPP (190—61 = 129 ul. of O2 per 30 minutes) 
was equal to the degree to which ascorbic acid reversed the inhibition by 
the high level of the dye (185—12 = 123 ul. of O2 per 30 minutes). This 
is probably an important effect and will be discussed later in the light of 
succeeding experiments. Dehydroascorbic acid was tested and found to 
be completely inactive, both in the absence and in the presence of the 
dye. 

Since ascorbic acid was unable to overcome the inhibition by DCPP 
completely but reversed the inhibition only to the extent to which ascorbic 
acid stimulated the system in the absence of the dye, it appeared that 
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ascorbic acid was not the only cofactor destroyed by DCPP. Therefore, 
in the next experiments a search was made for a substance which could also 
reverse the effect of the dye, and the activity of which in the tyrosine oxi- 
dase system would be different from that of ascorbic acid. Such a sub- 
stance was found to be glutathione. In these experiments glutathione was 
incubated with the enzyme for 10 minutes before DCPP was added. The 
level of glutathione chosen was equivalent to 1000 y of ascorbic acid. From 
Table IT it can be seen that the effect of glutathione is quite different from 
that of ascorbic acid. In the absence of DCPP there was a slight stimula- 
tion of tyrosine oxidase, which, although small, was consistent in every 
experiment. With the low level of DCPP, glutathione showed little fur- 
ther effect. However, with the high level of DCPP, an almost complete 


TaB.e II 
Relationship of DCPP Stimulation and Inhibition to Presence of Glutathione 


Glutathione added 


Level of DCPP per flask | 0 3120 y before dye 


Tyrosine oxidase activity,* wl. O2 per 30 min. per flask 


a ; | 
¥ x | ¥ 


0 32 | 53 
50 233 | 242 
550 14 | 205 


* These figures are the averages of three experiments. 


reversal of the dye inhibition occurred. A possible explanation for this 
effect is that, if ascorbic acid were necessary as a cofactor for one step in 
tyrosine oxidase and glutathione, as a cofactor for a different step ascorbic 
acid could reverse the inhibition only of that step in which it was required, 
while glutathione could reverse the inhibition of both steps. This may be 
deduced from the fact that the oxidation-reduction potential of ascorbic 
acid is slightly higher than that of glutathione. Thus the excess gluta- 
thione could reduce any enzyme ascorbic acid oxidized by the dye, reduce 
the remaining dye, and also furnish reduced glutathione for that of the 
enzyme oxidized by the dye. Essentially the end-result would be the same 
as that of low DCPP conditions in which there are enough endogenous 
reducing agents in the enzyme preparation to reduce the low level of the 
DCPP added. In fact in all of the experiments in which the 50 y level of 
DCPP was employed, the dye was decolorized immediately after mixing 
with the enzyme. The 550 vy level of the dye, however, was decolorized 
only when the excess ascorbic acid or glutathione was added. The fore- 
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going explanation will be implemented in later experiments in which it was 
found that the dye must be in a reduced form for stimulation to occur unless 
the enzyme system is protected by the prior addition of substrate. There- 
fore, if this explanation is essentially correct, the effect of glutathione on the 
oxygen uptake data in the presence of the high level of the dye would be 
to bring the oxidation up to the same level as that caused by adding the 
low level of the dye. That the effect of glutathione may be specific was 
shown by the fact that cysteine at an equivalent level in the presence of 
550 y of DCPP was unable to reverse the inhibition by the DCPP. 

Studies on Stimulatory Effect of Low Concentrations of DCPP—From 
Table I it can be seen that two apparently different effects of DCPP occur, 
one stimulatory and the other inhibitory. From gross observation of the 
Warburg vessels used for obtaining the results in Table I, the low level of 
the dye (50 y) was immediately decolorized upon being mixed with the 
enzyme, while the high level (550 y) was unaffected by the enzyme and 
remained blue throughout. This indicated that the stimulation by the dye 
occurred if it was present in small amounts and kept mainly in the reduced 
form. This also suggested the possibility that the dye was able to sub- 
stitute for a cofactor already present in the enzyme, but which was labile 
or present only in limiting amounts. To check the possibility that the 
stimulation by the dye occurred only if it was in the reduced form, experi- 
ments were carried out in which 0.5 ml. of a 20 per cent suspension of 
particulate matter of liver (containing the mitochondria) in sucrose was 
mixed with 0.1 ml. of 0.1 m sodium succinate and 550 y of DCPP in one 
side arm of Warburg vessels with double side arms. The remaining com- 
ponents of the system were the same as those given earlier. In this way 
the high level of the dye which was ordinarily inhibitory to tyrosine oxidase 
would be reduced by the succinic dehydrogenase of the liver residue. The 
results of these experiments indicate that this level of the dye was no 
longer inhibitory but stimulated the tyrosine oxidase system, although the 
degree of stimulation was still not as great as with the low level of DCPP. 

To show that the stimulatory effect of the dye on oxygen uptake did not 
occur simply by a chemical oxidation of a susceptible intermediate in 
tyrosine oxidation, the amount of acetoacetate produced in the absence 
and in the presence of the low level of DCPP was measured. Concomi- 
tantly with these experiments, the stimulatory effect of ascorbic acid was 
also studied to observe whether its stimulation produced an equivalent 
amount of acetoacetate from the tyrosine oxidized. In these experiments 
the effects of 50 y of DCPP and 1000 y of ascorbic acid separately on 
oxygen uptake and acetoacetate formation from tyrosine oxidation were 
studied. At the end of 1 hour acetoacetate was estimated manometrically 
by the method of Edson (10). From the results of these experiments in 
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Table III, it can be seen that the stimulation by DCPP as well as ascorbic 
acid gave acetoacetate production equivalent to the oxygen uptake ob- 
tained (2 moles of oxygen are required for the complete oxidation of tyro- 
sine to 1 mole of acetoacetate). 

Evidence for Relative Positions of Enzymes Activated by Ascorbic Acid and 
by Glutathione—Since ascorbic acid can only partially reverse the inhibition 
by the high level of DCPP, it appears that this lack of complete reversal 


TaBLe III 


Effect of Ascorbic Acid and Low Level of DCPP on Acetoacetate 
_ Production from Tyrosine 





| Os-acetoacetate 


| Acetoacetate ratio, ul. O: 
System Phe b> nage roe apace ul. eptakead. CO: 
. ey —— —” Oz equivalent | equivalent of 
| P \per hr. per flask} acetoacetate 
| | production 
ben aen al suede, dls SE St ls EN Sich leks len Mieaia ee | : ny 
CL 17 2) LR aga eel ae er nae ete | 90* 41 7 | 
bd wale, Us fa Co ce re | 152 66 2.3 
6 + 1000 y ascorbic acid.......... | 144 | 72 2.0 





. These figures. are oy averages of three: experiniente. 


TaBLe IV 
Experi iments on Reversal of DCPP Inhibition of Tyrosine Oxidase by Ascorbic Acid 





| | Os-acetoacetate 
Tyrosine | Acetoacetate | ratio, ul. Oz up- 





: “rn activity,| production, yl. take-yl. COz 
System er hr. CO: equivalent | equivalent of 
a ask per hr. per flask’ acetoacetate 
production 
ee a iad So meen ey | 36 | 19 1.9 
tent eR MOM cis. ciddteds vee | Sicwd 6 
Pe + 1000 y ascorbic acid, followed by 


addition of 550 y DCPP................. 98 | 29 3.4 


is due to the failure of ascorbic acid to reverse the inhibition of the steps 
activated by glutathione. As pointed out earlier, this is probably due to 
the difference in oxidation-reduction potentials of ascorbic acid and glu- 
tathione. If this is true, the step activated by ascorbic acid would lie 
before the step activated by glutathione in the sequence of tyrosine oxida- 
tion reactions. Otherwise ascorbic acid would cause no reversal of the 
inhibition at all. One consequence of this hypothesis would be that the 
ascorbic acid reversal would allow the oxidation of tyrosine to proceed 
maximally only up to a certain point in the oxidation sequence, and the 
ratio of the oxygen uptake to acetoacetate formation would be significantly 
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greater than 2.0. An experiment designed to test this hypothesis was set 
up as follows. Ascorbic acid (1000 ) was incubated with the enzyme for 
10 minutes and 550 y of DCPP were then added from one side arm and the 
mixture incubated for 10 minutes more. The substrate was added from 
the second side arm and the oxygen uptake recorded for 1 hour. Acetoace- 
tate production was then estimated. The results of these experiments, 
which are presented in Table IV, indicate that the normal control oxygen 
to acetoacetate ratio was very close to the expected 2.0, while the system 
with the dye alone, as expected, gave only negligible tyrosine oxidase 
activity. In the system with ascorbic acid added, however, the oxygen to 
acetoacetate ratio is significantly greater than 2.0, substantiating the hy- 
pothesis presented in the foregoing. 


DISCUSSION 


From the experiments presented in this paper, the involvement of as- 
corbic acid indicated by other workers in activating liver tyrosine oxidase 
(6-8) has been substantiated from a different approach. Also it appears 
that glutathione may be a cofactor for the system in addition to ascorbic 
acid. The sites of activation by ascorbic acid and glutathione appear to 
be separate and distinct, the ascorbic acid-activated component lying ear- 
lier in the reaction sequence than glutathione. Experiments are now in 
progress to locate these points of activation more precisely. 

The function of low concentrations of DCPP in stimulating the tyrosine 
oxidase system is somewhat obscure at present. Some possible explana- 
tions of this function are that (1) DCPP may substitute for a cofactor in 
the system which is labile or is present in limiting amounts, or that (2) it 
may act on a cofactor already present to maintain it in an active form. 
These possibilities are now being investigated, and preliminary results 
indicate that DCPP functions by substituting for a labile cofactor. 


SUMMARY 


1. The total tyrosine oxidase system of rat liver has been shown to be 
completely soluble in 0.25 M sucrose. 

2. By using 2,6-dichlorophenol indophenol for the destruction of as- 
corbic acid and other substances of lower oxidation-reduction potential in 
enzyme preparations, the involvement of ascorbic acid in the system has 
been substantiated and glutathione has been implicated as a probable 
cofactor in addition to ascorbic acid. The relative positions of the sites 
activated by ascorbic acid and glutathione have also been indicated in these 
studies. 

3. A unique phenomenon that low concentrations of DCPP markedly 
stimulate tyrosine oxidase, while high concentrations totally inhibit it, has 
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been investigated, and possible explanations for this effect have been dis- 
cussed. 
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Numerous recent investigations have been concerned with the associa- 
tion of simple and complex ions with proteins, nucleic acids, and other 
polyelectrolytes of biological interest. The formation of soluble protein- 
ion complexes has been most generally studied (1-3), although the associa- 
tion of ions with insoluble or precipitated proteins has also been investi- 
gated (4, 5). One of the earliest investigations of the nature of dye 
combinations with proteins was that of Grollman (6), who concluded that 
the combination could best be described as adsorption. Rawlins and 
Schmidt in repeating and extending this work (7) showed from the equi- 
librium stoichiometry of the combinations that salt formation occurs be- 
tween dye ions and oppositely charged groups of the protein. Fraenkel- 
Conrat and Cooper (8) described a dye titration method in which the 
stoichiometry by their dye method was in good agreement with the stoichi- 
ometry of the hydrogen ion binding. 

In the present investigation synthetic polypeptides of lysine were em- 
ployed in the further study of the stoichiometry and other aspects of the 
combination of a model polyelectrolyte with the anionic dye, methyl orange. 


EXPERIMENTAL 
Materials and Methods 


Unless otherwise specified, the polypeptide employed was poly-L-lysine 
of 130 unit average chain length as determined by end-group analysis of 
the carbobenzoxy intermediate (9). The polylysine hydrochloride samples 
were furnished by Dr. R. R. Becker. A stock solution of polylysine hy- 
drochloride was prepared from a sample exhaustively dried over PO; at 
78°. The methyl orange was prepared from a commercial sample, purified 
by first discarding an aqueous extract and then twice recrystallizing the 
residue from redistilled water. The other salts used were of reagent grade 
throughout. 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. Supported in part by a research grant from the Research 
Committee of the Graduate School from funds supplied by the Wisconsin Alumni 
Research Foundation. 

+ Predoctoral Fellow of the National Science Foundation. 
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The method of analysis of the dye binding when a precipitate was formed 
was essentially that of Fraenkel-Conrat and Cooper (8). This involved 
colorimetric determination of the dye concentration in equilibrium with 
the precipitate and calculation of the bound dye as the difference between 
the dye added to the sample and the dye found by analysis. In the 
precipitation-binding experiments with polylysine and methyl orange, the 
extent of combination was shown in preliminary experiments to be inde- 
pendent of pH in the range 5.5 to 8. Accordingly, no buffer was employed 
in routine experiments, and, unless otherwise specified, the solutions at 
final concentration were 0.05 m NaCl. The samples were equilibrated 
overnight or longer with shaking in a constant temperature bath at 25.2°. 
As the solubility of these precipitates is markedly temperature-sensitive 
(see below), we adopted the procedure of carrying out centrifugations 
batchwise in a Servall high speed centrifuge (10,000 X g for 15 minutes); 
as a rule four standard samples were carried in a batch of sixteen and nor- 
malized to the standards for inter batch comparisons. The standard sam- 
ples were chosen to locate the position of the most reproducible part of the 
methyl] orange-polylysine precipitation curve; namely, the part between 20 
and 60 per cent saturation of polylysine, in 0.05 m NaCl (see Fig. 1). The 
centrifuge head was maintained within 1.0° of the equilibration tempera- 
ture by varying the flow rate of the bearing-cooling water and correlating 
the temperature of the effluent cooling liquid with the temperature of water 
blanks in the centrifuge under standardized conditions of acceleration, 
duration, and deceleration. Special care in the transfer of supernatant 
solutions from the centrifuge tubes was necessary, since small amounts of 
dye-polylysine precipitate were usually present on the surface of the cen- 
trifuged liquid. The supernatant solutions were carefully siphoned with a 
pipette, the pipette tip was wiped, and the solutions were transferred to 
matched tubes for analysis for methyl orange at 465 my with a Beckman 
model B spectrophotometer. 

The “equilibrium-dialysis’” method of Klotz et al. (10) was employed in 
an attempt to detect the formation of soluble complexes between poly- 
lysine and methyl] orange. The dialysis sacs were of viscose sausage casing 
which had been given three half hour washes in boiling distilled water. 
Membrane correction curves were determined by plotting moles of methy] 
orange adsorbed versus the concentration of free methyl orange at a definite 
salt concentration. The experiments were run in 0.05 m NaCl. 

The colorimetric ninhydrin method of Stein and Moore (11) was em- 
ployed for the determination of polylysine. The color yield reaches a 
constant value in the 20 minutes of development recommended for amino 
acids. The ratio of color yield of polylysine per lysine residue to that per 
molecule of glycine was found to be 0.586 + 0.005. 
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RESULTS AND DISCUSSION 


When an aqueous solution of polylysine was titrated with a solution 
of an anionic dye, a precipitate formed. Polylysine showed this behavior 
with a number of organic anions chosen at random: methyl orange, orange 
G, orange II, Biebrich scarlet, and sodium dodecyl sulfate. Typical data 
on the removal of methyl orange from solution in precipitate formation 
with polylysine are shown in Fig. 1. In this and subsequent plots, 7 is 
defined as the average number of binding sites per polylysine molecule 
which have bound a dye anion. 
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Fig. 1. Precipitation binding of methyl orange by 130 unit polylysine. Each point 
represents a sample 10.0 ml. in volume, initial concentration of polylysine = 0.0409 
mg. per ml., concentration of NaCl 0.05 Mm. > is the average number of polylysine 
binding sites which have bound a methyl orange anion. 


We have chosen as a model for these precipitation curves a precipitating 
ion system, P*t + nA~ = PA,, which obeys the ideal solubility product 
relation K = [P™|[A-]". A family of such ideal curves computed from 
this equation is plotted in Fig. 2. In comparing the experimental curve 
of Fig. 1 with the ideal curves of Fig. 2, one sees that there is a rough 
formal agreement between experiment and theory. The most obvious 
deviation of the experimental curves from the ideal form is in the region 
of beginning precipitation, where the curve turns to meet the base-line 
tangentially instead of perpendicularly as in the ideal curves. The most 
likely explanation of this effect lies in the polydisperse nature of our 
polylysine preparations. Evidence for this view will be brought out later 
in experiments showing the effect of varying the average polylysine chain 
length on the form of methyl orange precipitation curves. 
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The solubility of the polylysine-methyl orange precipitate was measured 
at 5° and at 25°. The steeply ascending portion of the precipitation 
curves (between 20 and 60 per cent saturation) was determined at both 
temperatures, and the equilibrium concentrations of methyl orange were 
determined from the precipitation curves at 40 per cent saturation. At 
both temperatures the concentration of polylysine was the same, and the 
concentration of NaCl was 5 X 10-*m. The methyl orange concentration 
(40 per cent saturation) at 5° was 6.6 X 10-® M; at 25°, 14.5 & 10-* M. 
A linear interpolation between these two points shows a change of >5 per 
cent per degree, for which reason we took special care in temperature con- 
trol throughout this work. 
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Fia. 2. Curves for the precipitation of A~ from solution as PA according to the 
ideal solubility product, K = [P**][A-]". These curves are plotted on a comparable 
basis by assuming the point common to all is 50 per cent precipitation at [A~] = 1.00 X 


10-5m. Forn = 1, ©;forn = 2, @;forn = 3, O; forn = 10, A. 


In preliminary experiments it was found that only about 85 to 90 per 
cent of the stoichiometric number of binding sites of polylysine is satisfied 
when the plateau following the steeply rising part of the precipitation 
curve is reached. However, further study showed that, as is seen in Fig. 1, 
the plateau of this curve is not truly horizontal, but appears to approach 
asymptotically toward 100 per cent saturation. This gradual approach to 
theoretical stoichiometry with increasing methyl orange concentration sug- 
gests two possible explanations. It could be the result of continued pre- 
cipitation of a low molecular weight fraction of polylysine (see the section 
on the effect of chain length on the shape of the precipitation curve), or it 
could be the result of an ion exchange between the precipitated but not 
completely saturated polylysine. To decide between these two possibili- 
ties, we analyzed supernatant solutions for both polylysine and methyl 
orange. The results of these analyses are shown in Table I. 
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The data of Table I show that the polylysine is essentially completely 
precipitated before all the chloride counter ions have been exchanged for 
methyl orange anions. We must conclude, therefore, that an exchange 
continues between the anions of the equilibrium solution and the binding 
sites of the precipitate. If we plot, in the convention of Scatchard (12), 
p, the number of binding sites occupied by methyl orange, as a function of 
the ratio #/C, where C is the molar concentration of free methyl orange, 
we should obtain a straight line if all the binding sites are equivalent and 
if the binding follows the simple mass action principle. We have made 
such a plot in Fig. 3. Although there is some scatter of points due to loss 
of analytical precision at high color densities, a linear relationship is clearly 
obtained. Moreover, extrapolation to infinite concentration of methyl 
orange gives the maximal number of binding sites as 132, in good agree- 


TABLE I 
Analyses of Supernatant Solutions from Polylysine-Methyl Orange Precipitations 
Initial concentration of polylysine, 0.250 mg. per ml., in 0.05 m phosphate buffer, 
pH 6.7. Polylysine in supernatant solutions determined by the colorimetric nin- 
hydrin method (corrected for methyl orange color density). 





Polylysine in supernatant | 


Polylysine Methyl orange 
solution 


Concentration of free 
precipitated | uptake 


methyl orange 











| 

| 

Boe) 

per cent stoichiometric | 
| 


per cent initial 


| . per cent total amount | mM X 104 


concentration | | amount 
19 81 45 1.5 
10 | 90 72 1.5 
1.6 | 


98.4 | 84 | 5.5 





ment with the stoichiometric 130. These two results confirm the as- 
sumption that this ion exchange binding can be treated as a case of simple 
mass action. Thus the ion exchange binding by the precipitate has the 
same formal concentration dependence as does the soluble complex forma- 
tion in an ideal case. This is consistent with treatments which have been 
applied to ion exchange by a non-cross-linked resin (13). 

It appears that in systems similar to this ion exchange has not pre- 
viously been recognized as a binding mechanism. Rawlins and Schmidt 
(7) obtained data from a gelatin-dye system which suggests that ion 
exchange binding may occur after precipitation of the gelatin is com- 
plete. They also speculate on the possibility that precipitation does not 
preclude the possibility of further dye binding by the gelatin, although 
they showed no direct evidence to support this. In a recent study on the 
binding of anionic dyes by protamine, lysozyme, and thymus nucleohistone, 
Colvin has published (14) binding curves which are of the same form as 
those we have obtained with polylysine (Fig. 1). He was unable to explain 
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the form of his binding curves except in terms of van der Waals’ forces and 
“solvent sheaths.” If precipitation occurs in a system, and it seems likely 
that this would be the case in many of the systems Colvin studied,’ then a 
rapid rise in the binding curve is a straightforward result, as is seen from 
the ideal curves (Fig. 2). The unanticipated finding is not that the bind- 
ing curve rises rapidly, but rather that the stoichiometry is satisfied by an 
ion exchange after precipitation is complete. In this latter result, our ob- 
servations are in agreement with those of Colvin. 

In a search for evidence of soluble anion complexes with polylysine, we 
studied the effect of electrolyte concentration on the methyl orange-poly- 
lysine precipitation curve, with NaCl as the electrolyte. The data of Fig. 
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Fig. 3. Plot and extrapolation of the binding of methyl orange by polylysine in 
the plateau region of Fig. 1. C isthe concentration of free methyl] orange anion X 105. 


4 show that there is a significant increase in solubility (shift of the precip- 
itation curve to the right) on increasing electrolyte concentration. The 
increase in solubility is much greater than would be predicted by the 
Debye-Hiickel theory for the solubility increase of a uni-univalent salt. 
We have no basis, however, on which to predict how large a solubility in- 
crease of a polyelectrolyte salt should be expected with an increase in elec- 
trolyte concentration. Variation of electrolyte cation (K+ or Lit* instead 
of Nat) or electrolyte anion (CNS-, I-, or ClO¢ instead of Cl-) led to only 
slight variations in the solubility of the polylysine-methy] orange precipitate. 
On the basis of this evidence, it would seem that the solubility increase is 
due for the most part to non-specific ionic effects, although the possibility 


1 For-example, Klotz found that methyl orange precipitates protamine from 
solution (15). We have verified this and also shown that protamine is precipitated 
by orange II and flavianie acid. 
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of anion association to form soluble complexes with polylysine is not ex- 
cluded. 

Two other approaches were made to the demonstration of the existence 
of soluble polylysine complexes with anions. We investigated the binding 
of methyl orange by polylysine at low concentrations of the anion by a 
differential dialysis method, and observed that, whenever appreciable 
amounts of dye were bound, a precipitate was present inside the dialysis 
sac. The result was a binding curve identical, within experimental error, 
with the lower part of Fig. 1, for which the data were obtained by precipi- 
tation in the absence of a membrane. In another approach, we measured 
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Fic. 4. The effect of NaCl concentration on the methyl orange-polylysine pre- 


cipitation curve. The initial polylysine concentration throughout was 0.0409 mg. 
per ml, 


the absorption spectrum (from 400 to 600 my) of a supernatant solution 
from a sample in which 20 per cent of the binding sites of polylysine had 
been saturated. Comparison with a simultaneously measured spectrum 
of methyl orange alone in a solution of the same salt concentration showed 
no difference in the absorption spectra. Since methyl orange when asso- 
ciated with proteins in soluble complexes ordinarily undergoes a spectrum 
shift (16), we can take the lack of a spectral change in the presence of 
polylysine as supporting evidence that association in solution does not 
occur. Itis clear, then, that by both of these criteria there is no indication 
of association of methyl orange with polylysine to form soluble complexes. 

In connection with the comparison of polylysine precipitation behavior 
with the ideal curves, experiments were carried out to estimate experi- 
mentally the value of the exponent n in the solubility product expression, 
[polylysine] [methyl orange]”" = K. The calculation of n involves the 
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simultaneous solution of two solubility product equations experimentally 
evaluated at different polylysine concentrations. At 2.48 X 10~ M initial 
polylysine concentration, the methyl orange concentration corresponding 
to 50 per cent methyl orange uptake was 4.91 (+0.10) * 10-° m; at 
0.496 X 10~ M initial concentration, this value was 6.05 (40.15) * 10-° M. 
From these data we calculate that n = 8.0 + 1.8 in 0.05 m NaCl at 25°. 

The structural nature of polylysine would of itself lead one to expect the 
existence of high charge fields in the neighborhood of polylysine molecules. 
If n is equal to the ionic charge for spherical ions, then n is 2 for Ca**, n 
is 3 for Al**, ete. Since the precipitating ability for oppositely charged 
particles of these ions increases? as a function of n and is already great for 
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Fig. 5. The effect of chain length on the methyl orange-polylysine precipitation 
curve. The initial polylysine concentration was 0.0409 mg. per ml. 





n = 3(Al**), we have here a basis on which to predict high precipitating 
activity of polylysine at low concentrations. Such activity has in fact 
been observed with tobacco mosaic virus (17), chicken erythrocytes (18), 
and bacteria (19). 

The effect of polylysine chain length on the precipitation curve with 
methyl orange is demonstrated in Fig. 5. As the degree of polymerization 
is increased, the form of the precipitation curve more nearly approaches 
that of the ideal curves (Fig. 2) and a larger fraction of the polylysine is 
precipitated at a low concentration of methyl orange. These results are 
in qualitative agreement with what we might expect. Simple geometric 
considerations regarding the volume occupied by a linear polyelectrolyte 


2 We recognize that other factors in addition to effective charge density will 
affect the precipitating ability of anion. Since the effects from hydration, polariz- 
ability, etc., are of a lower magnitude, we can safely ignore them for the purposes 
of this discussion. 
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would lead one to expect that the effective electrostatic field strength on a 
univalent ion would increase only slightly with a small increment in the 
chain length of an already large molecule. Conversely, rapid changes in 
field strength are to be expected for small increments in chain length of a 
small molecule. 

The precipitation curve is made up of the superimposed curves of all the 
polymeric species present, and no way appears to be available to determine 
how much of each species is contributing at any particular part of the 
curve. However, in observing the large change from the 6.1 unit curve to 
the 19 unit curve, we see that qualitative information as to the degree of 
polymerization might be obtained from precipitation curves such as these. 
We emphasize this point because it seems likely that what we have ob- 
served for polylysine will be true as a first approximation for many homo- 
logous polyelectrolytes; that is, that the greatest rate of change in the pre- 
cipitation curve will occur in the polymer range from monomer up to 
perhaps a 20 unit polymer. 

Dye titrations have been used in the past in determinations of total 
acidic or total basic groups in proteins. On the basis of the above results, 
we believe it is possible that the form of the precipitation curve may, in 
some cases, give additional information as to the molecular weight distri- 
bution of a polyelectrolyte. It seems likely that precipitation curves such 
as these could be applied to the study of such systems as polyphosphates, 
mixtures of basic or acidic peptides, protein mixtures, and nucleic acids. 
There is obviously no special requirement in the composition of a polyelec- 
trolyte for it to be amenable to study by this method, only that a dye can 
be found which will precipitate the materiai. We may mention that 
only small amounts of material are required to determine a titration curve; 
each curve in Fig. 5 required a total of 4 mg. of polylysine. 


SUMMARY 


1. The precipitation of polylysine with methyl orange was shown to 
result in a rapid uptake of the dye over a small range of dye concentration. 
This is characteristic of binding by precipitation. 

2. Polylysine was completely precipitated from solution before a stoichi- 
ometric amount of methyl orange was bound. This unsaturated precipi- 
tate continued to bind methyl orange as the concentration of the latter 
was increased in what appears to be an ion exchange process. 

3. The precipitation of polylysine with methyl orange is a function of 
polylysine concentration to approximately the one-eighth power. This is 
interpreted as resulting from high charge density of polylysine. 

4. The solubility of the polylysine-methyl orange precipitate is strongly 
increased by neutral electrolytes. 
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5. No evidence was found to indicate that methyl orange and polylysine 
form soluble complexes. 

6. The form of the dye precipitation curve was investigated as a funce- 
tion of polylysine chain length. Qualitative differences were found. The 
possibility of applying precipitation curve analysis to other polyelectro- 
lytes is discussed. 
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THE ESTIMATION OF SATURATED AND a,6-UNSATURATED 
KETONIC COMPOUNDS IN PLACENTAL EXTRACTS* 


By W. H. PEARLMAN anp EMILY CERCEO 


(From the Department of Biochemistry, Jefferson Medical College, Philadelphia, 
Pennsylvania) 


(Received for publication, November 1, 1952) 


A need arose, in connection with our isolation studies on placental ex- 
tracts (1, 2), for the estimation of A‘-3-ketones, such as progesterone, and 
of saturated ketones as well. Measurement of the optical density at 
240 mu (maximal absorption due to the a,8-unsaturated carbonyl group) 
gave overestimations of the progesterone content of our extracts, owing to 
the presence of non-specific absorbing impurities;! furthermore, confirma- 
tory evidence for the presence of a,8-unsaturated ketones was desirable. 
The work of Evans and Gillam (4) offered a solution to these problems. 
These investigators studied the spectral characteristics of a number of 
thiosemicarbazones,? which they had prepared, and found these deriva- 
tives to be very valuable for the identification of the a,8-unsaturated car- 
bonyl group, because (a) the absorption band is of very high intensity 
(Emax, 29,950 to 37,000), (b) it is displaced to a part of the spectrum which 
is especially suitable for accurate measurement (Amax. 299.5 to 302.5 my), 
and (c) the band has moved so far up the spectrum that absorption due to 
many of the commoner impurities is left behind at shorter wave-lengths, 
thus giving a cleaner and more selective absorption band. In addition, 
saturated carbonyl groups could be detected via their thiosemicarba- 
zones, since the latter also show intense absorption in the ultraviolet 
(Amax. 270 to 273 my, €max. 20,400 to 24,400). 

The thiosemicarbazide derivatives of cholestenone, allopregnane-36-ol- 
20-one, and progesterone were prepared as representative of steroids con- 
taining, respectively, (a) one a,@-unsaturated ketone group, (b) one satu- 
rated ketone group, and (c) both of these ketonic groups. The ultraviolet 
absorption curves are given in Fig. 1. A procedure was then devised for 
the estimation of microgram quantities of allopregnanolone and progester- 


* This investigation was supported by a research grant (ItG-2567-C) from the 
National Institutes of Health, United States Public Health Service. 

' A closer estimate of the progesterone content of placental extracts may be ob- 
tained by subjecting the ketonic fraction to counter-current distribution and de 
termining the optical density of the peak tube at 240 my; this procedure (2, 3) does 
not, of course, give any information as to the content of saturated ketonie com- 
pounds. 

2 Steroid thiosemicarbazones were not prepared. 
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one as their thiosemicarbazide derivatives; representative recovery data 
are given in Table II. The procedure was subsequently applied to the 
estimation of the progesterone content of placental extracts (Table III) 
and for other purposes as well. 





qT LJ ' ' tT qT q q 


40,000/ 3 


30,000. 


20,000. 





10,000 Maver J ‘a 


MOLECULAR EXTINCTION COEFFICIENT 


2 
l l l 1 1 l l 1 
230 240 250 260 270 280 290 300 310 
WAVELENGTH IN MJ 


Fic. 1. Ultraviolet absorption spectra of the thiosemicarbazide derivatives of 
cholestenone (Curve 1, i. 301, 248 my, ¢ 36,700, 11,430), allopregnane-38-ol-20-one 
(Curve 2, AS }¢;, 273, 230 my, ¢ 25,100, 7,660), and progesterone (Curve 3, Az{x. 301, 280, 
235 mu, € 40,250, 38,400, 15,900). The dotted curve, obtained by subtracting Curve 
2 from Curve 3, represents the absorption due to the thiosemicarbazone of the 
A‘-3-ketone group of progesterone; compare with Curve 1. Solvent, absolute eth- 
anol, 











EXPERIMENTAL? 


Cholestenone Thiosemicarbazone—A solution of 101 mg. of cholestenone 
and 301 mg. of thiosemicarbazide in 10 ml. of 95 per cent ethanol was 
refluxed for 2 hours. The reaction mixture was diluted with water and 
extracted with chloroform; the extract was dried over sodium sulfate and 
evaporated. The residue was repeatedly crystallized from ethanol, yield- 
ing 23 mg. of needles, m.p. 195-200° (with decomposition). 


CosHizN3S. Calculated. C 73.46, H 10.35, N 9.18 
Found. ** 73.56, “* 10.15, 9.21 


Allopregnane-38-ol-20-one Thiosemicarbazone—34 mg. of the ketonic ster- 


3 All melting point values are corrected. 
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oid were treated with 91 mg. of thiosemicarbazide in similar fashion. Re- 
peated crystallization of the reaction product from chloroform-ethanol gave 
17 mg. of material, m.p. 255-257° (with decomposition). 


C22H3;,0N;S8. Calculated, N 10.73; found, N 10.37 


Progesterone Bisthiosemicarbazone Preparation—Treatment of progester- 
one with thiosemicarbazide in similar fashion yielded a derivative which 
gave an unsatisfactory nitrogen analysis. The following procedures gave 
better results. 

Preparation 2—A solution of 35 mg. of progesterone and 200 mg. of 
thiosemicarbazide in 5 ml. of glacial acetic acid was boiled gently for } 
minute. The reaction mixture was diluted with water and extracted with 
chloroform; the extract was washed free of acetic acid with dilute sodium 


TaBLe I 
Progesterone Bisthiosemicarbazone; Analytical Data 
CosHseNeSe, calculated, N 18.25. 





| e (absolute ethanol) 





Preparation No. Found, N | ed eed (ae ed ; ee 
| 280 mu 301 my 
per cent i ‘re Shans 7. 
1 16.37 
2 | 17.50 | 36,820 | 38 ,900 
3 | 17.83 38 ,400 40 , 250 
3 17.73 | | 





carbonate, dried over sodium sulfate, and evaporated. The residue (52 
mg.) was repeatedly crystallized from chloroform-ethanol to give 15 mg. of 
a product which did not melt below 480°. 

Preparation 8—A solution of 400 mg. of progesterone and 2.32 gm. of 
thiosemicarbazide (10 times the theoretical quantity) in 25 ml. of glacial 
acetic acid was refluxed for 1 minute. When cool, the mixture was added 
to 450 ml. of Nn sodium hydroxide and extracted four times with 50 ml. of 
chloroform. The extract was washed with dilute sodium bicarbonate and 
water, dried over sodium sulfate, and evaporated to yield 569.6 mg. of a 
light tan powder (97 per cent of the theoretical yield). This product is 
difficultly soluble in most organic solvents. It was recrystallized, with the 
aid of a Slotta semimicroextraction apparatus, from chloroform and then 
from absolute ethanol. The final product (162 mg.) consisted of white 
microscopic needles which charred at approximately 270° but did not melt 
below 480°. Analytical data for the three preparations are given in 
Table I. 
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Estimation of Microgram Amounts of Pure Ketonic Steroids—To 50 to 200 
y of allopregnane-38-ol-20-one or progesterone in a small test-tube were 
added 10 mg. of thiosemicarbazide (purified by recrystallization from wa- 
ter) and 0.5 ml. of glacial acetic acid (purified by distillation over chromic 
anhydride). The reaction mixture was gently boiled for 4 minute. (AI- 
ternatively, the test-tube may be loosely stoppered with a cork wrapped in 
aluminum foil and placed in the steam bath for 1 hour.) The contents of 
the tube, when cool, were quantitatively transferred to a separatory funnel 
containing 25 ml. of sodium hydroxide solution sufficient to neutralize 0.9 
of the acetic acid used. Three extractions were made with 20 ml. portions 
of chloroform; the combined extracts were washed with 15 ml. of 4 per cent 





TABLE II 
Recovery of Crystalline Steroids in Form of Their Thiosemicarbazide Derivatives 
Amount of | Amount recovered* 
steroid | : e 
treated Progesterone Allopregnane-3f-ol-20-one 
Y 7 | 7 
50 32.4, 38.8, 34.8, 38.6; average 36.1) 43.6, 52.5; average 48.0 (96.0) 
(72.4) 


40.7, 43.8; average 42.3t (84.6) | 
100 86.9, 89.3, 77.6, 89.2; average 85.7/ 93.1, 97.6, 113.2, 97.8; average 100.5 


| (85.7) (100.5) 
| 81.8, 92.1; average 87.0f (87.0) 
200 175.0 (87.5) | 194.8 (97.4) 


* Average percentage recoveries are given in parentheses. 
t 50 mg. of thiosemicarbazide were used instead of the usual 10 mg. 


sodium bicarbonate and then with three 5 ml. portions of distilled water. 
The chloroform solution was dried over sodium sulfate and filtered with 
suction through a glass, sintered funnel; the sodium sulfate residue on the 
funnel was washed with a little chloroform. The combined filtrates were 
evaporated; the residue, after thorough drying in a vacuum desiccator, was 
dissolved in absolute ethanol for reading in a Beckman quartz spectro- 
photometer. 

The molarity of the respective thiosemicarbazone solutions may be read- 
ily calculated from the observed optical density at 273 my (for allopreg- 
nanolone) and at 301 my (for progesterone). The density values were 
corrected for the very small absorption due to the reagents; for example a 
10 ml. ethanol solution of the residue obtained in the thiosemicarbazide 
reaction in which no steroid was added had a density of 0.07 (at 273 mu) 
and 0.04 (at 301 my), cell width 1 cm. Representative data for the re- 
covery of the ketosteroids as the thiosemicarbazones are given in Table IT. 
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Application of Microprocedure for Estimation of Progesterone Content of 
Placental Tissue—Aliquot portions (containing not less than 200 y equiva- 
lents of progesterone according to measurement of the ultraviolet absorp- 
tion at 240 my) of the ketonic fraction of extracts‘ of placental tissue were 
subjected to the reaction with thiosemicarbazide. The results are listed 
in Table III. The ultraviolet absorption spectrum of the placental thio- 
semicarbazones is shown in Fig. 2 (Curve 1; compare with Curve 3, Fig. 
1); similar data were obtained on other placental extracts. 


TaB_e III 
Progesterone Content of Human Placental Tissue 





Progesterone content per kilo tissue, 


No. of Total Weight of ketonic based on absorption at 
placentas weight of fraction per kilo 
extracted tissue tissue 
240 my* 301 mut 
he. mg. le: mg. 
3 1.4 14 3.7 1.3 
3 1.4 33 5.1 1.4 
2 LJ 10 3.3 1.5 
1 0.36f 10 2.5 1.0 
1 O.24t | 16 ie Po 
1 | 0.56 154§ 10.08 | 1.0 
25 | 12 2.6 | 1.5 


5 | 5.7 

* Determined before treatment of the ketonic fraction with thiosemicarbazide. 

+ Determined after treatment of the ketonic fraction with thiosemicarbazide; 
no correction was made for the small absorption at 301 my observed prior to the 
formation of thiosemicarbazone. 

t Premature delivery; all other placentas are full term. 

§ The excessively large weight of this fraction with consequent overestimation of 
its progesterone content (absorption measured at 240 mz) may be ascribed to the 
fact that only one treatment was made with Girard’s Reagent T. In the other 
cases, retreatment of the ketonic fraction with this reagent was carried out, which 
gave purer material, and hence this procedure is recommended. 





Other Applications—The ultraviolet absorption spectrum of the thio- 
semicarbazones derived from a small aliquot portion of the neutral ketonic 
fraction of an ether extract of hydrolyzed urine from a woman 6 months 
pregnant is shown in Fig. 2 (Curve 2; compare with Curve 2, Fig. 1). 
The excretion of saturated 20-ketosteroids of the allopregnanolone type 
was calculated to be 46 mg. daily. 

The thiosemicarbazide derivative of 1.4 mg. of an unidentified placental 
ketone, m.p. 209-211° (1), was prepared; its ultraviolet. absorption spec- 

‘An ether extraction procedure was essentially as described in Pearlman and 
Cerceo (2). 
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trum is shown in Fig. 2 (Curve 3; compare with Curve 3, Fig. 1). Assum- 
ing the molecular weight of this compound to be approximately that of 
progesterone, the presence of one a,8-unsaturated and one saturated car- 
bonyl group is indicated. 
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Fic. 2. Ultraviolet absorption spectra of the thiosemicarbazones derived from 
the neutral ketonic fractions of extracts of human placental tissue (Curve 1) and 
human pregnancy urine (Curve 2); solvent, absolute ethanol. Curve 3 was obtained 
with an ethanol solution containing 5.0 y per ml. of the thiosemicarbazone of an 
unidentified placental ketone, m.p. 209-211°, mentioned in Pearlman and Cerceo (1). 


DISCUSSION 


As little as 50 7 of allopregnanolone can be quantitatively determined 
spectroscopically as the thiosemicarbazone by the procedures described 
above. The determination of progesterone is not as satisfactory, at least 
100 y of the steroid being required. 

It is interesting that the estimated progesterone content of human pla- 
centa varies within the rather narrow limits of 1.0 to 1.5 mg. of hormone 
per kilo of tissue (Table III). The ultraviolet absorption curve of the 
placental thiosemicarbazones (Fig. 2, Curve 1) closely resembles that of 
progesterone bisthiosemicarbazone (Fig. 1, Curve 3), an indication that 
progesterone rather than allopregnane-38-ol-20-one is the predominating 
ketonic steroid in placental extracts; both steroids have recently been iso- 
lated from this source in this laboratory (1,2). Disparity between the two 
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absorption curves, particularly at 279 my and 301 my, may be ascribed to 
the presence of small amounts of the latter compound and possibly of 17- 
ketosteroids® and degradation products of adrenal cortical steroids. Hor- 
mones of the latter type have recently been detected in placental tissue by 
Johnson and Haines (7); such compounds were undoubtedly destroyed by 
our alkaline extraction procedure. 

For purposes of comparison, the ultraviolet absorption curve of the 
thiosemicarbazones derived from human pregnancy urine (Fig. 2, Curve 2) 
was determined; it closely resembles that of allopregnanolone thiosemi- 
carbazone (Fig. 1, Curve 2). Human pregnancy urine is known to be rich 
in 20-ketosteroids, but progesterone is virtually absent. The micropro- 
cedure may thus be applied for the estimation of ketosteroid excretion 
during pregnancy. It proved to be useful also in determining the number 
and character of the carbonyl groups in an unidentified placental com- 
pound (Fig. 2, Curve 3) when only small amounts of material were avail- 
able. 


SUMMARY 


1. The thiosemicarbazide derivatives of cholestenone, allopregnane-36- 
ol-20-one, and progesterone were prepared and their ultraviolet absorption 
spectra determined. 

2. A procedure was devised for the estimation of microgram amounts of 
allopregnane-38-ol-20-one and progesterone as their thiosemicarbazidr de- 
rivatives. 

3. The microprocedure was applied to the estimation of saturated and 
a,6-unsaturated ketonic compounds in placental extracts. 

4. The progesterone content of full term human placenta was estimated 
to be from 1 to 1.5 mg. per kilo of tissue. 


The authors wish to express thanks to the Jefferson Medical College 
Hospital for kindly placing human placental tissue at their disposal. Mr. 
James Rigas kindly performed the microanalyses. 


Addendum—Since this manuscript was submitted, a preliminary report by Bush 
(8) has appeared, describing the use of thiosemicarbazide in the microestimation 
and recognition of steroid ketones. 
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THE BIOSYNTHESIS OF A STREPTOCOCCAL CAPSULAR 
POLYSACCHARIDE 


By YALE J. TOPPER anp MURRAY M. LIPTON 


(From the Divisions of Nutrition and Physiology and Applied Immunology, 
The Public Health Research Institute of The City of New York, Inc., 
New York, New York) 


(Received for publication, December 31, 1952) 


In 1937 Kendall, Heidelberger, and Dawson (1) isolated a serologically 
inactive polysaccharide from Group A hemolytic streptococci. It was com- 
posed of equal numbers of N-acetylglucosamine and glucuronic acid resi- 
dues, and was similar to the hyaluronic acid isolated by Meyer and Palmer 
(2) from vitreous humor and umbilical cord. 

Two independent preliminary reports on the biosynthesis of capsular 
polysaccharide by Group A hemolytic streptococci have recently been made 
(3, 4). Glucose-1-C™ was employed in our study in the following types of 
experiments: (1) Cultures were incubated in the presence of the isotopic 
glucose, the polysaccharide was isolated and hydrolyzed, and glucosamine 
hydrochloride was crystallized from the hydrolysate. The specific radio- 
activity of the amino sugar was compared with that of C-1 derived there- 
from in order to gain some insight into the mechanism by which the 
organism converts glucose into glucosamine. (2) The isotope content of 
the polymeric carbohydrate was compared with that of the constituent 
hexosamine and N-acetyl radical in an attempt to obtain information re- 
garding the biosynthesis of the glucuronic acid moiety. (3) In a series of 
so called ‘‘bank” experiments, parallel cultures containing 0.2 per cent glu- 
cose-1-C' and an equimolar bank of a non-isotopic hexose such as glucos- 
amine hydrochloride, N-acetylglucosamine, glucuronic acid, chondrosamine 
hydrochloride, or glucosone were incubated, and the specific radioactivities 
of the polysaccharides formed were compared with those of the controls 
with no added non-isotopic bank. From the extent of dilution of isotope 
in the capsular material derived from cultures which contained a non-iso- 
topic substrate in addition to the isotopic glucose, the degree to which a 


particular substrate could act as a precursor of the polysaccharide was de- 
termined. 


EXPERIMENTAL 


Incubation of Group A Hemolytic Streptococci—Encapsulated Group A 
hemolytic streptococci were cultured in a modified Dole medium (5) con- 
sisting of the dialyzable constituents of beef heart infusion and peptone 
(Pfanstiehl), salts, and various sugars. In the control experiments 0.2 per 
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cent glucose-1-C™ was the only sugar added; in the bank experiments 0.2 
per cent glucose-1-C"™ and an equimolar quantity of the non-isotopic sub- 
strates listed in Table I were added. 

The microorganisms were cultured on blood agar slants and injected 
intraperitoneally into mice before each experiment. Streptococci isolated 
from the blood of these animals were cultured in Dole’s medium at 37° for 
16 hours. 5 ml. of the culture were introduced into shallow, 200 ml. 
layers of Dole’s medium containing the isotopic glucose. After about 6 
hours the pH of the medium was brought up to 8, its original value, by the 
addition of 1 N sodium hydroxide and incubation at 37° was continued for 
an additional 42 hours. Finally, the cultures were shaken mechanically 
for 1 hour in order to extract any remaining capsular polysaccharide from 
the bacterial cells and then passed through Seitz bacterial filters. 

Isolation of Capsular Polysaccharide—Capsular carbohydrate was iso- 
lated from the bacterial filtrate by the method of Kendall, Heidelberger, 
and Dawson (1). 200 ml. of the streptococcus broth were concentrated to 
0.1 volume in vacuo. The concentrate was filtered by suction through a 
sintered glass funnel and the pH of the filtrate was reduced to about 5.2 
by the addition of 2.2 gm. of anhydrous sodium acetate and 0.55 ml. of 
glacial acetic acid. Upon the addition of 1.25 volumes of 95 per cent 
ethanol a white stringy material precipitated. The crude product was 
soluble in 10 ml. of water after vigorous mechanical shaking; an aliquot of 
the resulting solution gave no color with iodine, indicating that glycogen 
was not present. The aqueous solution was treated with 0.66 gm. of 
anhydrous sodium acetate and 0.33 ml. of glacial acetic acid and was then 
shaken with chloroform-n-butanol (10:1); no denatured protein collected 
at the interface. The polysaccharide was reprecipitated from the aqueous 
layer by the addition of 2.4 volumes of ethanol. Further purification was 
effected by solution in a small volume of water followed by precipitation 
upon the addition of 5 volumes of ethanol. The product was dried in vacuo 
over calcium chloride at room temperature. The yield of polysaccharide 
isolated in this way as the neutral sodium salt ranged from 10 to 30 mg. 
per cent, but the specific radioactivities of the products obtained in the 
several control experiments, counted after wet combustion as BaC™“Os;, had 
a standard deviation from the mean of less than 3 per cent. Radiochem- 
ical yields averaged about 4 per cent. 

The radioactivities obtained in the various experiments are listed in 
Table I. 

Chemical and Physical Properties of Mucoid Streptococcus Polysaccharide 
—The properties of some of the preparations are listed in Table II. Ni- 
trogen was determined by the Dumas method and uronic acid according 
to the procedure of Burkhart, Baur, and Link (6). Viscosities were deter- 
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Radioactivity Data 


























Specific activity,* c.p.m. per mm C Radioactivity 
: ; | ; eel Cerne omnaicmeman wi 
Non-isotopic bank bei dba: C41 of | -Brom o- | nani 
| saccharide | amine-HCl arsine HCl apie experiments 
neni | | Rb eee er) 
UOTE ta ieccciti = Sec eval a= eaters | 125 685 | | 
COS ded aaa ents aaa 370 2355 | | 
ie nana Sema rte volh at | 9325 | | 
Glucosamine-HCl........... | 1205 | 108 | 0.52 
Glucuronic acid............. 2420 | | 1.04 
| 
IVOMGH ss sleran cs Set, Mate oe maneca: 2350 | 
Glucosamine-HCl........... 1050 | 0.45 
Glucuronic acid............. 2185 | 0.93 
ee. Loon a 2510 | 
Glucosamine-HCl........... 1125 0.45 
Glucuronic acid............. 2385 0.95 
GUIGGBOHE] hat cose dae 1805 0.72 
NOC U2 Aa hc a teec swe cee net 2460 | 
Glucosamine-HCl........... | 985 0.40 
Glucuronic acid............. | 2235 0.91 
GIMCOSONE 555 etsisd2is eters | 1750 | 0.71 
INGRO Ro te SOS ee rena che | 2570 
N-Acetylglucosamine........ | 1050 | 0.41 
Chondrosamine-HCl........; 2465 | | | 0.96 
| | | 
Wi sti sk Mars potholes | 2385 | | | 3190 | 
Hyalobiuronic acidf......... | 2335 | | 0.98 
Hydrolysate WII 157B§......| 2310 | | | | 0.97 


* In a series of ‘“‘bank”’ experiments cultures containing 0.2 per cent glucose-1-C™ 
and an equimolar bank of a non-isotopic hexose were incubated, and the specific 
radioactivities of the polysaccharide formed were compared with controls to which 
no non-isotopic bank was added. 

{ This specific activity is given as counts per minute per millimole of p-bromo- 
phenacyl acetate. The factor for converting radioactivity as determined directly 
on this ester into activity as determined on BaC'O; was found to be 1.15. The 
calculation of the per cent of control polysaccharide radioactivity which resided 
in the N-acetyl moiety is as follows: 2385 X 14 = 33,400 c.p.m. per mo of acetylated 
disaccharide unit, 3190 X 1.15 = 3670 c.p.m. (corrected) per mm of “‘acetyl’’, (3670/ 
33,400) X 100 = 11.0 per cent. 

} This material, derived from umbilical cord hyaluronic acid, which has recently 
been shown to be p-glucopyruronosido < 8-1,3 > p-glucosamine (12), was obtained 
through the courtesy of Dr. K. Meyer and Dr. B. Weissmann. 

§ This mixture of oligosaccharides, obtained from a 66 to 80 per cent alcohol 
precipitation of a 24 hour testicular hyaluronidase digest of umbilical cord hyal- 
uronic acid, was kindly supplied by Dr. K. Meyer and Dr. B. Weissmann. 
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mined in an Ostwald viscometer at 20°. In the calculation of the basic 
ash it was assumed that the only cation present was sodium. 

Isolation of Glucosamine Hydrochloride—100 mg. of the polysaccharide 
were refluxed for 6 hours with 12 ml. of 18 per cent HCl. The hydrolysate 
was decolorized with Norit and concentrated in vacuo to a volume of 2 
ml. After the solution had stood overnight in the ice box the crystalline 
deposit was filtered and recrystallized from 80 per cent methy! alcohol. 
Calculated for CsH1;0;N-HCl, N 6.48; found, in the several samples iso- 
lated, N (Dumas) 6.14 to 6.52. 





TaBLeE II 
Properties of Mucoid Polysaccharide, Group A Hemolytic Streptococcus 
Sample No. | Ae ante Wtiktagea*| fil | —— relative in 

i pu oon ? aie cent dvgree | oer cent | 

1 | 6.13 | 3.49 | bill 

2 | | 3.238 | —64 | 42.5 41 

3 | | 4.299 | —45 | 34.4 

Calculated for polysaccharide | | 46.4 


ie We i 
* Calculated to the ash-free basis. 
t Of 0.2 per cent solution in H:0. 





Degradation of Glucosamine Hydrochloride—In order to determine the 
specific activity of C-1 the amino sugar was degraded as shown in the 
accompanying scheme. 





H—C=+=O COOH 
| 
| 
H—C—NH, H—C—NH, 
—> —————— CO, 
H—C—OH H—C-—OH (C-1) 
| | 
H—C—OH H—C—OH 
CH.,OH CH.OH 
Glucosamine Glucosaminic acid 


A solution of 50 mg. of glucosamine hydrochloride in 1 ml. of water was 
heated on the steam bath for 20 minutes with 250 mg. of mercuric oxide 
(7). The system was then diluted with 3 ml. of H.O, filtered by suction 
while hot, treated with H.S, and again filtered by suction. After clarifica- 
tion with Norit the solution was concentrated in vacuo to a volume of 0.5 
ml. Crystallization was induced by the addition of a few drops of ethanol. 
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The glucosaminic acid was recrystallized from water-ethanol and dried at 
78° in vacuo over P2O;; yield, 28 mg. 

This a-amino acid hexose was then quantitatively decarboxylated with 
ninhydrin (8). The reaction was carried out on a scale in which 9 mg. of 
the sugar, 50 mg. of citrate buffer, pH 2.5, and 50 mg. of ninhydrin were 
employed. The time of heating was13 minutes. Calculated for Cs;H1.0,N- 
—COOH, carboxyl] carbon 6.1; found, 5.9 and 6.0. 

The carbon dioxide liberated, representing the lst carbon atom of glu- 
cosamine, was found to have 5.4 and 6.4 times the specific radioactivity of 
the intact hexosamine (Table I). 

Isolation of N-Acetyl Group—115 mg. of control polysaccharide and 8 
ml. of 25 per cent p-toluenesulfonic acid were refluxed for 1.5 hours. The 
solution was cooled, 50 ml. of 0.16 N sodium hydroxide were added, and 
acetic acid was distilled at atmospheric pressure. The pH of the dis- 
tillate was raised to 8 by the addition of 0.08 n sodium hydroxide and 
the volume of the resulting solution was reduced in vacuo to 0.2 ml. Hy- 
drochloric acid was added to reduce the pH to 7. 50 mg. of p-bromo- 
phenacyl bromide and 1 ml. of ethanol were added; the mixture was heated 
on a steam bath for 0.5 hour and cooled until crystallization commenced. 
p-Bromophenacy] acetate was collected by filtration and recrystallized from 
ethanol-water; m.p., 83-85°. 

Direct radioactivity determination on this ester (Table I) demonstrated 
that the N-acetyl radical possessed 11 per cent of the total isotope content 
of the polysaccharide. 

Synthesis of Glucose-1-C'*—The method of Koshland and Westheimer (9) 
was employed for the preparation of glucose-1-C". 

Synthesis of Glucosone—A modification of the method of Briill (10) was 
employed. 3 gm. of finely pulverized phenylglucosazone were added to a 
solution of 3 ml. of pyruvic acid in 300 ml. of water contained in a 500 ml. 
round bottomed flask fitted with a reflux condenser. While carbon dioxide 
was bubbled into the system through the condenser, the solution was re- 
fluxed for 40 minutes. At the end of this period practically all the osazone 
had dissolved. Some starting material precipitated when the flask was 
cooled in an ice bath; this material was removed by filtration and the 
filtrate was extracted five times with 100 ml. portions of benzene to remove 
pyruvic acid phenylhydrazone. The aqueous layer was then heated to 
80° in an atmosphere of carbon dioxide and clarified with Darco. The 
light yellow solution obtained after removal of the charcoal was evaporated 
to dryness in vacuo in an atmosphere of nitrogen. A red syrupy residue 
was obtained and this was triturated with 15 ml. of chloroform-ethanol 
(3:2) until most of the color had gone into the liquid phase and the syrup 
had solidified. The solid material was collected by centrifugation, washed 








j 
1 
of 
+ 
4 
if 
Bh 
a 
: 
b 
. 








140 BIOSYNTHESIS OF POLYSACCHARIDE 


with the same solvent mixture, and dried in vacuo. The yield of light 
yellow material was 350 mg. The product reduced Fehling’s solution and 
formed an osazone at room temperature. 


DISCUSSION 


The finding that C-1 of glucosamine derived from capsular polysac- 
charide which had been biosynthesized in a medium containing glucose-1- 
C had 5.4 and 6.4 times the specific radioactivity of the intact hexosamine 
indicated direct conversion of glucose to the amino sugar without skeletal 
rearrangement. 

The N-acetyl moiety of the carbohydrate formed in a medium which 
contained glucose-1-C as the only added hexose possessed 11 per cent of 
the total radioactivity which was present in the polysaccharide. On this 
basis, if the glucosamine and glucuronic acid residues had equal isotope 
concentrations, the ratio of the specific activity of the parent polymer to 
that of the glucosamine derived from it would have been 0.96.!_ The value 
for this ratio obtained experimentally was 0.93. Considering the high 
reducing value of the medium employed as determined by iodometric titra- 
tion, and the consequent high probability that small fragments derived by 
breakdown of the isotopic glucose would have been diluted by similar but 
non-isotopic molecules in the medium, the close agreement between the 
two values for the ratio mentioned above suggests that both hexoses arose 
from the same source. 

In the bank experiment with non-isotopic glucosamine hydrochloride 
(Table I) the ratios of the specific radioactivity of the polysaccharide 
formed to that of the polysaccharide produced in the control ranged from 
0.40 to 0.52. Furthermore, the glucosamine fragment derived from the 
polysaccharide in the bank experiment exhibited less than 10 per cent of 
the radioactivity of the parent polymer (Table I), indicating that more 
than 80 per cent of the total activity must have resided in the glucuronic 
acid moiety. These findings indicate that preformed glucosamine is very 
rapidly incorporated into the amino sugar residues of the polysaccharide. 

The corresponding ratio in the case of N-acetylglucosamine was found to 
be 0.41. Thus this sugar is also readily utilized in the synthesis of the 
capsular material, but whether or not deacetylation must occur prior to 
incorporation is yet to be determined. 

Specific radioactivity ratios of 0.72 and 0.71 were obtained when glu- 


1 “Acetyl” had 11 per cent of the total activity. If the glucosamine and glucur- 
onic acid residues had equal isotope concentrations, each would have had 89 + 2 = 
44.5 per cent of the total activity. Considering that there are 14 carbon atoms per 
acetylated disaccharide unit, then the theoretical radioactivity ratio of polysaccha- 
ride to glucosamine would be (100 + 14) + (44.5 + 6) = 0.96. 
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cosone was the non-isotopic bank. Becker and Day (11) reported that in 
fasted male rats glucosone-1-C" was converted to plasma glucosamine more 
rapidly than was glucose-1-C" and postulated that glucosone is an inter- 
mediate in the transformation of glucose into glucosamine. ‘The present 
findings suggest that the dicarbonyl compound may indeed lie in the reac- 
tion sequence: glucose to glucosone to glucosamine. 

Non-isotopic glucuronic acid, on the other hand, was very ineffective in 
lowering the specific radioactivity of the polysaccharide. If the bacterial 
cell wall is permeable to the uronic acid, then the indication is that the 
preformed acid is not a precursor of the glucuronic acid moiety of the 
polymer. Speculation into the reason for this elicits two tentative explana- 
tions: (1) Perhaps only a phosphorylated uronic acid can be utilized; in 
the absence of a kinase specific for glucuronic acid, the phosphorylated 
intermediate might necessarily arise by terminal oxidation of glucose-1- 
phosphate. (2) Terminal oxidation to the uronic acid level may occur 
after some degree of polymerization has occurred. 

Similarly, there was a negligible dilution of radioactivity when chon- 
drosamine hydrochloride was the bank. Apparently the streptococcus is 
unable to effect a Walden inversion at C-4 of galactosamine. 


The authors wish to thank Mr. F. Linker of the Department of Medi- 
cine, College of Physicians and Surgeons, Columbia University, for per- 
forming some of the microanalyses reported in Table II. 


SUMMARY 


The biosynthesis of capsular polysaccharide by Group A hemolytic strep- 
tococci has been studied by culturing the organisms in the presence of 
glucose-1-C“. Over 90 per cent of the isotope contained in the glucosamine 
moiety was shown to reside in position 1, indicating that in the biological 
transformation of p-glucose to p-glucosamine no skeletal rearrangement 
occurs. 

Indirect evidence suggests that the glucuronic acid and glucosamine 
residues arose from the same source. 

A series of parallel “bank” experiments demonstrated that (a) preformed 
glucosamine is rapidly incorporated into the glucosamine units of the poly- 
saccharide, (b) N-acetylglucosamine is readily utilized in the synthesis of 
the capsular material, (c) glucosone may lie in the reaction sequence, glu- 
cose to glucosone to glucosamine, (d) neither glucuronic acid nor galac- 
tosamine is utilized in the biosynthesis of this polysaccharide. 
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THE FORMATION OF ARGINOSUCCINIC ACID FROM 
ARGININE AND FUMARATE 
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In a previous report (1), the enzymatic production of arginosuccinie acid 
from arginine and fumarate by aqueous suspensions of dried algal cells was 
described. This new amino acid 


NH COOH 


| 
HOOC—CH—CH:—CH;—CH,—NH—C CH; 


NH, { a Ne 
boon 
is apparently identical with both the intermediate of Ratner (2-4), formed 
by a liver “condensing enzyme” from citrulline plus aspartate, and the 
unknown compound of Davison and Elliott (5), formed by various systems 
from arginine and fumarate. 

In this paper improved enzymatic procedures for the preparation of 
arginosuccinic acid are described, together with the methods of assay, and 
data concerning substrate specificity and reversibility of action of the 
enzyme ‘‘arginosuccinase.”’ 


Methods 


Growth of Chlorella Cells—Arginosuccinase activity was first observed in 
acetone-dried Chlorella pyrenoidosa cells (1). Cells may be grown hetero- 
trophically in 5 liters of vigorously aerated medium in a 10 liter carboy. 
| liter of the complete medium,! adequate for a yield of 15 gm. of dried 
cells per liter, contained glucose (50 gm.), urea (4 gm.), KH»PO, (1.3 gm.), 
MgS0O,-7H.0 (0.8 gm.), ethylenediaminetetraacetic acid (0.5 gm.), FeSO,-- 
7H,O (50 mg.), CaCl. (80 mg.), HsBO3 (110 mg.), ZnSO,-7H.O (90 mg.), 
MnCl,-4H,O (10 mg.), MoO; (7 mg.), CuSQ.-5H2O (16 mg.), and Co- 
(NO3)2-6H2O (5 mg.); pH adjusted to 6.4. 

Enzyme Preparations from Chlorella—Acetone-dried Chlorella cells were 
ground together with corundum powder (American Optical Company, No. 

1 In addition to the previously known inorganic micronutrient requirements for 


Chlorella (6), Ca, Cu, and Mo are now known to be essential from unpublished ex- 
periments of J. B. Walker, J. Myers, and R. J. Williams. 
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304) at room temperature in a mortar. After 5 to 10 minutes grinding the 
powder became cohesive as lipides were released from disintegrated cells. 
The dry mixture of corundum and ground cells can be stored in the cold 
without serious loss of enzymatic activity. 

After sufficient material had been accumulated, a minimal amount of 
water was added, and the mixture stirred thoroughly and centrifuged in a 
Servall angle centrifuge at 13,000 X g at 3° for 30 minutes. The super- 
natant fluid was adjusted successively to pH 5.1, 4.6, and 4.2 with 1 u 
acetic acid, and the precipitates at each stage were removed by centrifuga- 
tion. Acetone powders of the precipitates at pH 4.6 and 4.2 were prepared 
and stored in the cold. The fraction precipitating between pH 5.1 and 
4.6 contained arginine desimidase with but slight arginosuccinase activity. 
The fraction precipitating between pH 4.6 and 4.2 contained arginosuc- 
cinase but no desimidase or fumarase. 

Enzyme Preparations from Jack Bean Meal. (a) Arginosuccinase—A 
mixture of 80 gm. of jack bean meal (Sigma) and 250 ml. of water was 
stirred for 1 hour at room temperature and centrifuged as above. The 
fraction from the supernatant fluid which precipitated between pH 5.1 and 
4.2 with 1 m acetic acid (5) was retained and acetone-dried. The yield of 
crude arginosuccinase was 0.8 gm., of which 30 per cent was soluble. No 
arginase or fumarase activity was detected under the conditions employed 
for arginosuccinate formation. 

(b) Arginase—The procedure was that employed for liver (7), with slight 
modification. Isolation was stopped at the stage of 50 per cent acetone 
precipitation; the precipitate was removed by centrifugation and an ace- 
tone powder prepared. This powder had both arginase and urease activity 
at pH 7.5, but no arginine desimidase activity. 

Preparation of Barium Arginosuccinate—A mixture of 1.6 gm. of jack 
bean arginosuccinase, 8 ml. of 0.77 mM L-arginine hydrochloride, 10 ml. of 
0.77 m fumarate, and 70 ml. of water was adjusted to pH 7.4. Toluene was 
added and the mixture incubated 24 hours at room temperature. The 
mixture was centrifuged, and the supernatant fluid plus 4 ml. of chloroform 
evaporated at room temperature overnight with a fan. The residue was 
suspended in 12 ml. of water, centrifuged, and 2 gm. of solid BaCl,.-2H.0 
were added to the supernatant fluid. The mixture was stirred, allowed to 
stand 30 minutes in the cold, and centrifuged at 3°. An equal volume of 
ethanol was added dropwise with stirring to the supernatant fluid. After 
standing 30 minutes in the cold, the mixture was centrifuged and the 
supernatant fluid discarded. The precipitate was extracted with 12 ml. 
of 17 volumes per cent ethanol and centrifuged. Ethanol was added slowly 
with stirring to the supernatant fluid to a final concentration of 50 volumes 
per cent. After 30 minutes in the cold, the mixture was centrifuged and 
the supernatant fluid discarded. The precipitate was washed with ace- 
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tone, cold 50 per cent ethanol, and again with acetone. The residual 
acetone was removed in vacuo. The yield was 0.8 gm. of white barium 
arginosuccinate. 

Paper Chromatography—Arginosuccinic acid can be distinguished from 
all common amino acids as a purple ninhydrin spot on two-dimensional 
paper chromatograms, with water-saturated phenol as solvent, ammonia 
atmosphere (Rr 0.26), followed by a 4:1:1 n-butanol-acetic acid-water 
mixture (Ry 0.08). In one-dimensional paper chromatograms with water- 
saturated phenol and ammonia atmosphere, only glutamate, and to a lesser 
extent serine, may interfere. The ammonia sends the otherwise interfering 
ornithine and arginine to Rr 0.8 to 0.9. 


Results 


Fumarate versus Malate As Primary Reactant—Ratner and Pappas (3) 
reported that the condensation product of citrulline and aspartate was 
cleaved into arginine and malic acid by a “hydrolyzing enzyme’’ fraction 
obtained from mammalian liver. On the other hand, preliminary experi- 
ments with cyclohexanol-treated Chlorella preparations (1) had indicated 
that fumarate rather than malate was a primary reactant in the formation 
of arginosuccinate. 

The known characteristics of pH versus log initial rate of the reaction 
catalyzed by fumarase (8) offered the possibility of distinguishing between 
the action of malate and fumarate. Acetone-dried Chlorella cells were 
washed in 0.05 m phosphate buffer of the appropriate pH, centrifuged, and 
resuspended in the same buffer with added substrates. From pH 7 to 10 
no differences in the intensities of the arginosuccinate ninhydrin spots could 
be detected between the tubes containing fumarate and those containing 
an equimolar concentration (0.08 m) of malate. However, at pH 5.7, 10 
times more arginosuccinate was produced in 90 minutes at room tempera- 
ture from fumarate than was produced from malate. 

Final proof of the primary réle of fumarate was obtained after isolation 
of crude arginosuccinase from Chlorella. 5 mg. of this enzyme preparation 
were suspended in 0.5 ml. of 0.05 m phosphate buffer, pH 7, containing 15 
mg. of arginine and 15 mg. of fumarate. The mixture was incubated 7 
hours at room temperature. A strong arginosuccinate ninhydrin spot was 
obtained on paper chromatograms; with malate in place of fumarate no 
spot was observed. 

Further Studies on Enzyme Specificity—Among the compounds tested as 
possible replacements for fumarate in this reaction were maleate, trans- 
aconitate, trans-crotonate, and itaconate. No new ninhydrin spot was 
detected when these compounds plus arginine were added to 5 per cent 
suspensions of acetone-dried Chlorella cells in 0.05 mM phosphate buffer, pH 
7, and incubated for 2 hours at room temperature. 
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In the presence of similar cell suspensions no detectable reactions with 
fumarate took place when creatine, glycocyamine, guanidine, or methy)- 
guanidine was employed in place of arginine. For these experiments the 
paper chromatograms were sprayed with alkaline ferricyanide-nitroprusside 
reagent (9) in order that any decreases in intensity of the spots correspond- 
ing to the guanido compounds might be observed as the reactions pro- 
gressed. 

The similarity of the reaction catalyzed by arginosuccinase to that cat- 
alyzed by aspartase led to speculation that the two enzymes might be 
identical, or at least occur together. However, no aspartase activity was 
found either in suspensions of acetone-dried Chlorella cells or in enzyme 
preparations containing arginosuccinase. The test employed for aspartase 
activity was ammonia liberation in the presence of aspartate, as determined 
by nesslerization of the contents of the center wells of Conway micro diffu- 
sion dishes. 

Relationship between Arginosuccinate and Citrulline Formation—In the 
previous paper (1) it was reported that citrulline was produced by acetone- 
dried Chlorella cells acting on arginine alone. It was noted that when 
limiting amounts of arginine were present the addition of excess fumarate 
resulted in the production of arginosuccinate at the expense of citrulline 
formation. One explanation considered was that arginosuccinate was an 
intermediate in the formation of citrulline from arginine. The mechanism 
involved was presumed to be a reversal of Ratner’s condensation reaction 
of citrulline with aspartate. However, the simultaneous production of 
aspartate together with citrulline was never shown, either with dried Chilo- 
rella cells or enzyme preparations which carry out the transformation of 
arginine to citrulline. 

Determinations carried out as reported above in tests for aspartase ac- 
tivity showed that formation of citrulline from arginine was accompanied 
by ammonia production. If arginosuccinate were an intermediate in the 
formation of citrulline from arginine by these systems, the formation of 
ammonia but not aspartate along with citrulline could be explained only 
if aspartase were present. However, as stated above, no aspartase activity 
was found in any of these preparations, nor did addition of traces of fum- 
arate increase ammonia production from arginine. This evidence points 
to the occurrence in Chlorella of a separate arginine desimidase enzyme 
(10-12) which converts arginine to citrulline plus ammonia without passing 
through arginosuccinate. 

Arginosuccinase from Jack Bean Meal—Since arginosuccinate appears to 
have interesting possibilities as a metabolite for reactions other than ar- 
ginine synthesis (1), it is important that a method of preparation be worked 
out from material more generally available than dried Chlorella cells. Con- 
sequently other preparations were examined for arginosuccinase activity. 
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Jack bean meal, a relatively inexpensive, commercially available prepara- 
tion already known to have active arginase and urease enzymes, was found 
to be an excellent source of arginosuccinase. 

Reversibility of Arginosuccinase Reaction—Experiments were designed to 
test the reversibility of the over-all in vitro reaction catalyzed by argino- 
succinase. The most obvious test of reversibility involved use of acetone- 
dried Chlorella cells grown with urea as the sole nitrogen source. Such 
cells contain enough endogenous arginine (1) to form detectable quantities 
of arginosuccinate when incubated for several hours with fumarate alone. 
However, as noted above, these cells also contain an active arginine desimi- 
dase which competes with arginosuccinase for available arginine in an 
essentially irreversible reaction to form citrulline and ammonia. Under 
these experimental conditions, arginosuccinate was found to accumulate 
in the medium for about 10 hours at room temperature, with little or no 
citrulline formation. As the time-course of the reaction was followed fur- 
ther by means of two-dimensional paper chromatograms, arginosuccinate 
was found to disappear and citrulline to increase over the next 24 to 36 
hours. 

Similar experiments were performed with enzyme preparations from jack 
bean meal. Jack bean arginosuccinase was incubated with fumarate and 
a limiting amount of arginine for 8 hours in order to form arginosuccinate. 
A jack bean arginase preparation was then added, and the mixture incu- 
bated 24 hours longer at pH 7.5. Again a disappearance of the previously 
formed arginosuccinate was noted. The function of the arginase was to 
remove by irreversible hydrolysis both the unchanged arginine and the 
arginine produced by the reverse reaction. 

Enzymatically Active Arginosuccinate—The previously isolated argino- 
succinate (1) proved invulnerable to such enzymatic cleavage. Presum- 
ably biologically irreversible cyclization had occurred during the isolation 
procedure. The material isolated by column chromatography had been 
subjected to heat and acids, factors known to favor lactam formation in 
general and cyclization of creatine to biologically inactive creatinine in 
particular. This preparation had proved invaluable for the initial de- 
termination of the structure of arginosuccinic acid (1), but for metabolic 
studies it was necessary to obtain an enzymatically active preparation. 
Consequently a new isolation procedure had to be devised. 

Isolation of arginosuccinate:as the barium salt was attempted, as sug- 
gested by Ratner’s work (2-4). The barium ion presumably binds the 
terminal carboxyl groups of the succinate moiety so as to prevent cycliza- 
ition with the guanidine group. To reduce further the possibility of cycli- 
zation, the isolation was accomplished without subjecting the compound to 
excessive heat or low pH. The procedure is described in detail under 
“Methods.” An enzymatically active preparation essentially free from 
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other ninhydrin-reactive compounds was obtained. Dried Chlorella cell 
suspensions were especially effective in breaking down this isolated barium 
salt, since both fumarate and arginine could be disposed of by irreversible 
reactions. The isolated barium arginosuccinate was hydrolyzed and as- 
sayed on the basis of pL-ornithine formed, as described in Table I. It is 
not possible to distinguish between enzymatically active and inactive forms 
of arginosuccinate by this method; however, a microbiological assay pro- 
cedure was devised which is specific for the active form. 


TaBLeE I 
Microbiological Assay of Alkaline Hydrolysate of Barium Arginosuccinate 

The solution assayed is 4 N Ba(OH)2 hydrolysate (20 hours at 100°) of Ba salt of 
ASA, neutralized with H2SO,; 1 ml. of hydrolysate represents 300 y of the original 
sample. Basal medium, glucose-asparagine-salts (13); 5 ml. of basal medium, t-ar- 
ginine hydrochloride standard or hydrolysate aliquot, plus H.O to make 10 ml., 
added to each tube and autoclaved 10 minutes at 120°. Inoculum, 1 drop of sus- 
pension of washed cells of Z. coli mutant No. 48, which requires L-ornithine, L-citrul- 
line, or L-arginine for growth, on an equimolar basis (1). Incubated 24 hours at 37°. 
Optical densities read at 550 my with an Evelyn photometer. Amount of Ba;,;ASA 
(mol. wt. 493) originally present calculated from the moles of pL-ornithine (= 2 X 
moles L-arginine hydrochloride = 2 X moles of L-ornithine) formed on hydrolysis. 
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| 
an 2 | 4 5 6 | 4: biped 
L-Arginine-HCl, 7....... ™ 40 |60 [80 | 
Hydrolysate, ml.......... 0.5 | 0.7 | 1.0 
Optical density.......... 0.034) 0.062 | 0.089 | 0.109 | 0.122 | 0.077) 0.088) 0.105 


Assay as Ba;,;ASA = 91% (assumes complete racemization) 





Assay Methods for Active Arginosuccinate—Neither the arginosuccinic 
acid as previously isolated (1) nor the barium salt could replace the arginine 
growth requirement of an arginineless Escherichia coli mutant, of Leu- 
conostoc mesenteroides P-60, or of Lactobacillus casei. Toxicity of the prep- 
arations was ruled out by appropriate controls. 

An assay method for the active form was devised by use of the arginine- 
less E. coli mutant together with jack bean arginosuccinase. The enzyme 
solution is added in equal amounts to all tubes, including those containing 
graded amounts of the L-arginine standard solution. In tubes containing 
arginosuccinate the reaction equilibrium is continuously displaced as the 
arginine produced by the enzyme is utilized for growth. When an excess 
of arginosuccinase is present, the assay is complete after 21 hours at 37°, 
as is seen in Table II. This assay shows that the barium arginosuccinate 
obtained by the isolation procedure outlined is entirely in the active form. 

Lability of Arginosuccinic Acid—The heat lability of this compound is 
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such that autoclaving for 10 minutes at 120° destroys its biological activity, 
as determined by the FZ. coli-arginosuccinase assay. Aqueous solutions of 
the barium salt are reasonably stable when kept in the cold. In water- 
saturated phenol, ammonia atmosphere, the cyclized inactive material has 
an Rr of 0.33, while the enzymatically active form has an R, of 0.26. With 
an acetic acid atmosphere instead of ammonia, the inactive material has an 
Ry of 0.77, while the active form has an Ry of 0.65. 

Arginosuccinic Acid and Cell Permeability—The disturbing lack of re- 
sponse of the bacteria previously mentioned to the intact arginosuccinate 
molecule led to speculation that perhaps these microorganisms do not con- 
tain arginosuccinase. An experiment was performed which demonstrated 


Tasie II 
E. coli-Arginosuccinase Assay of Barium Arginosuccinate 

Jack bean ASAase solution prepared by adding 150 mg. of crude enzyme to 8 ml. 
of sterile 0.1 m phosphate buffer, pH 8.8, and removing insoluble residue. To 
each tube were eventually added 1.0 ml. of enzyme solution containing 6 mg. of dis- 
solved solids, 5.0 ml. of basal medium (13), L-arginine hydrochloride standard or 
an aliquot of 178 y per ml. of BaASA solution, and H.O to make 10.0 ml. Solutions 
containing enzyme and BaASA added aseptically to autoclaved tubes after cooling. 
Inoculum, 1 drop of washed suspension of arginineless E. coli mutant No. 43. Incu- 
bated 21 hours at 37°, and optical density read at 550 mp with an Evelyn photom- 
eter. 











OUR INOee ices wecs veesecncgocees 1 2 3 4 | 5 6 7 8 
t-Arginine-HCl, y....... | 20 40 60 80 | 
BaASA solution, ml... ...; | O:Ger OFF | Oo 





Optical density.......... 0.158 0.206, 0.262 0.299. 0.357 0.260 0.295 0.349 





Assay as enzymatically active Ba;,,ASA = 106% 


that this enzyme is indeed present in both the arginineless mutant and in 
wild type E. colt. A 3 per cent suspension of lyophilized or acetone-dried 
E. coli cells in 0.05 m phosphate buffer, pH 7.1, was incubated in the pres- 
ence of toluene for 5 hours at 37° with various combinations of malate, 
fumarate, and arginine as 0.1 m substrates. Tubes containing either ar- 
ginine or malate as the only substrate gave no arginosuccinate ninhydrin 
spot, whereas tubes containing arginine plus fumarate or malate gave 
strong ninhydrin spots at the arginosuccinate position on two-dimensional 
paper chromatograms. This evidence indicates that the lack of response 
of the arginineless EF. coli mutant, and perhaps of the other bacteria? tested, 
may be due to impermeability to arginosuccinic acid. 


? Although a suspension of acetone-dried L. mesenteroides P-60 cells grown on 
glucose-yeast extract-peptone produced no detectable arginosuccinate from fumarate 
plus arginine, similarly treated L. casei cells did produce this compound. 
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DISCUSSION 


Fumarate rather than malate was shown by these experiments to be a 
specific substrate for arginosuccinase. On the other hand, malate wag 
definitely identified as a product of the action of Ratner’s “hydrolyzing 
enzyme” on the condensation product of citrulline and aspartate (3). Fur- 
ther work must be done to clarify these observations. Either there are 
two distinct enzymes involved, or the “hydrolyzing enzyme” preparation 
is composed of arginosuccinase plus fumarase. 

Although arginosuccinate is apparently an intermediate in the synthesis 
of arginine (2-4), evidently certain algae and bacteria can by-pass this 
compound during arginine degradation. In these organisms arginine can 
pass directly to citrulline plus ammonia. It would be interesting to relate 
the occurrence of arginine desimidase in various organisms with the pres- 
ence or absence of arginase. 

It is highly desirable to find a microorganism which requires arginine for 
growth but can have that requirement satisfied by arginosuccinate. If 
cell membranes are generally impermeable to this molecule, its réle in 
metabolism must be deduced from the fate of labeled precursors or from 
the study of cell-free systems. 

The possibility that arginosuccinate is involved in pyrimidine synthesis 
(1) may be examined further. The work of several groups of investigators 
has given results which are compatible with this hypothesis (14-18), while 
one line of evidence (19) argues against it. If arginosuccinic acid is in- 
volved in pyrimidine synthesis, a scheme such as that shown in Diagram 
1 might occur. Ornithine would be regenerated with each turn of the 
cycle. In uracil position 1 would be derived from ammonia, position 2 
from COz, and the remainder of the molecule from aspartic acid. 


Uracil -——-_ arginosuccinate 
| |— aspartate 


{ 


Ornithine 





— citrulline 


DiaGraM 1. Proposed mechanism of pyrimidine synthesis 


Arginosuccinate might also be investigated as a possible intermediate in 
pyrimidine degradation. Di Carlo et al. (20) recently studied the utiliza- 
tion of various compounds related to pyrimidines as sole nitrogen sources 
for yeast growth. From these data they deduced a scheme for pyrimidine 
degradation. 


Uracil — hydrouracil — hydroorotie acid > urea 


The steps between hydroorotic acid and urea might well involve argino- 
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succinic acid. Ornithine would act catalytically in this scheme also, being 
regenerated by the action of arginase, as shown in Diagram 2. 





Uracil — arginosuccinate 
| | fumarate 


Urea + ornithine <———————— arginine 


D1aGraM 2. Proposed mechanism of pyrimidine degradation 


As a possible intermediate in pyrimidine metabolism, arginosuccinic acid 
(ASA) may well be a constituent of nucleoproteins hitherto overlooked in 
analyses. Its presence could be detected by comparing the amount of 
aspartate produced after alkaline hydrolysis with that produced after acid 
hydrolysis. If ASA were present, more aspartate would be produced by 
alkaline hydrolysis. 


SUMMARY 


The enzymatic formation of arginosuccinic acid (ASA) has been shown 
to occur by the addition of the guanido —NH: group of arginine to the 
double bond of fumarate. This reaction, catalyzed by the enzyme argino- 
succinase (ASAase), has been shown to be reversible. Preformed ASA was 
broken down in the presence of ASAase, the process being aided by the 
simultaneous presence of arginase, arginine desimidase, or fumarase. 

The specificity of ASAase is such that the réle of arginine cannot be 
played by glycocyamine, creatine, guanidine, methylguanidine, or ammo- 
nia, while fumarate cannot be replaced by malate, maleate, trans-aconitate, 
trans-crotonate, or itaconate. 

ASAase preparations were obtained by isoelectric precipitation from 
aqueous extracts of ground dried Chlorella as well as from commercial 
jack bean meal. 

ASA prepared from jack bean ASAase, fumarate, and arginine was iso- 
lated in an enzymatically active form as the barium salt by utilizing the 
relative insolubility of this salt in 20 to 50 per cent ethanol. An assay 
with an arginineless E. coli mutant plus ASAase showed this preparation 
to be essentially pure. 

Although E. coli was shown to possess ASAase, ASA would not replace 
the arginine requirement of the mutant, apparently because of permeability 
restrictions. 

The possible participation of ASA in pyrimidine metabolism was dis- 
cussed. 


The authors wish to express their appreciation for the continued interest 
of Professor R. J. Williams and Professor E. E. Snell in this work. 
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A GLYCEROL DEHYDROGENASE FROM ESCHERICHIA COLI* 
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In the course of studies of the reduction of Furacin (5-nitro-2-furaldehyde 
semicarbazone) by cell-free extracts of a strain of Escherichia coli, the pres- 
ence of a number of diphosphopyridine nucleotide-linked dehydrogenases 
was indicated by the ability of such extracts when dialyzed to reduce the 
nitrofuran only on the addition of diphosphopyridine nucleotide (DPN) 
and any one of a number of oxidizable substrates.!_ Reduction of the nitro- 
furan apparently was effected by an enzyme, presumably the flavoprotein 
described by Brodie (2), capable of mediating the transfer of electrons 
from reduced DPN (DPNH) to the nitrofuran. Attempts to demonstrate 
spectrophotometrically reduction of DPN+ by these specific substrate-de- 
hydrogenase systems then were unsuccessful. This inability to detect sub- 
strate-dehydrogenase reduction of DPN* appears to be attributable to the 
presence of the flavoprotein previously mentioned (2), which could be 
shown to be capable of reoxidizing DPNH, with oxygen as the ultimate 
electron acceptor, at a sufficiently rapid rate to prevent its spectrophoto- 
metric detection in such experiments. 

However, one of these dehydrogenases, glycerol dehydrogenase, proved 
sufficiently heat-stable to be quite easily isolable in a highly active state, 
by the simple device of subjecting the crude cell-free extract to sufficient 
heat to destroy most, if not all, of the other oxidative enzymes present. 
After some additional purification by precipitation with ammonium sul- 
fate, and subsequent dialysis, the physical and biochemical properties of 
this dehydrogenase were further studied. Evidence is here presented that 
oxidation of glycerol in the presence of this enzyme requires no phosphate, 
is specifically DPN-linked, and results in the production of dihydroxyace- 
tone in a 1:1 molar ratio with the DPN+ reduced. 


Test Methods and Materials 


Test System—Enzymatic activity was measured with a Beckman spec- 
trophotometer, model DU, in terms of the rate of increase of optical density 


* This work was made possible by grants from the Eaton Laboratories, Inc., Nor- 
wich, New York. 

+ Present address, Biochemical Research Laboratory, Massachusetts General Hos- 
pital, Boston, Massachusetts. 

' Asnis (1) and additional unpublished data. 
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at the 340 my absorption peak for DPNH. Unless otherwise specified, all 
the studies were carried out with final concentrations of 3.2 * 10-4 m 
DPN, 6.6 X 10-* m glycerol, and 8 X 10-* M sodium carbonate-bicarbonate 
buffer, pH 10, in a total volume of 3.0 ml. at 30°. Control systems con- 
taining DPN and enzyme, but no glycerol, showed no activity. Where 
tests for inhibitors were made, all other components of the system, including 
the enzyme, were thoroughly mixed and held at 30° for 15 minutes before 
the addition of glycerol. 

Preparation of Enzyme—16 to 18 hour cultures of EF. coli (strain ECFS) 
were prepared in 6 liter amounts of a medium consisting of 1.0 per cent 
Bacto-tryptone, 0.5 per cent Bacto-yeast extract, 0.2 per cent K2HPO,, 
and 0.2 per cent glucose, added at the time of inoculation. The cells were 
harvested by centrifugation in a Sharples supercentrifuge, washed once 
with 400 ml. of distilled water, and resuspended in 60 ml. of distilled 
water, so that the final cell concentration was 20 to 25 mg. dry weight per 
ml. The resuspended cells, in two 30 ml. portions, were subjected for 40 
minutes to sonic vibrations in a 9 kilocycle Raytheon magneto-constriction 
oscillator, and the sonically treated material centrifuged at 13,000 r.p.m. 
for 45 minutes in a Servall angle centrifuge. The supernatant solution 
was then held at 60—63° in a water bath for 90 minutes, rapidly cooled with 
tap water, and the heat-coagulated protein removed by centrifugation for 
20 minutes at 13,000 r.p.m. in the Servall centrifuge. 

The active material was precipitated from the supernatant solution by 
addition of solid ammonium sulfate to 90 per cent saturation. The floccu- 
lent precipitate was separated by centrifugation for 30 minutes at 13,000 
r.p.m., redissolved in 30 ml. of distilled water at 0-5°, and dialyzed in a 
refrigerator at 3-5° against four 1 liter portions of distilled water over a 
period of about 18 hours. 

By this procedure a faintly opalescent, colorless solution was obtained 
with an increase in activity of from 15- to 20-fold. The best preparations 
had a specific activity of 10.5 in terms of micrograms per ml. of total protein 
required to produce an increase of 0.100 in the optical density reading of 
the spectrophotometer at 340 my during the Ist minute. Such partially 
purified preparations showed no DPN-reducing activity, at pH 10.0 or at 
pH 8.0, in the presence of 6.6 X 10-* M malate, succinate, lactate, formate, 
d-sorbitol, d-mannitol, erythritol, ethyl alcohol, or sodium a-glycerophos- 
phate. 

DPN (Schwarz Laboratories) had a purity of approximately 65 per cent. 

Triphosphopyridine nucleotide (TPN) (Sigma Chemical Company) had 
a purity of 85 per cent. 

Qualitative and quantitative determination of dihydroxyacetone (DHA) can 
be distinguished from glyceraldehyde by means of the Seliwanoff test for 
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ketoses (3). The following modification of this test proved quite satis- 
factory for the quantitative determination of DHA. 

4 ml. of a freshly prepared 2 per cent solution of resorcinol in concen- 
trated HCl (37 per cent) were thoroughly mixed with 1.0 ml. of the solution 
to be tested in a Pyrex test-tube and allowed to stand in an incubator at 
37° for 3 hours. For quantities between 0 and 100 y, the relation of color 
intensity to concentration closely conformed with Beer’s law, so that a 
straight line relationship could be plotted between color intensity as meas- 
ured in a Klett-Summerson photoelectric colorimeter, with a No. 75 filter, 
and known concentrations of DHA. The mole for mole relationship be- 
tween DPN* reduced and DHA formed, indicated by the above quantita- 
tive method, was amply confirmed with a purely colorimetric modification 
of the quantitative acid phosphomolybdate test for DHA described by 
Campbell (4). 

Quantitative Determination of Reduced DPN—This was made spectro- 
photometrically, a standard curve of optical density at 340 muy, plotted 
against concentration of DPNH, being used. 

Protein Determination—Protein content of the cell-free enzyme prepara- 
tions was estimated turbidimetrically after precipitation with trichloroace- 
tic acid as described by Stadtman and coworkers (5). 


Results 


Enzymatic Activity—In the presence of glycerol the enzyme mediated 
reduction of DPN* at a rate indicative of a first order reaction (Fig. 1). 
That the rate of reduction of DPN* is a function of enzyme concentration 
is illustrated in Fig. 2. Stoichiometrically a 1:1 molar relationship be- 
tween DPN*+ reduced and DHA formed was demonstrated as shown in 
Table I. The'concentrations required for optimal activity (Vmmax.) were 
approximately 1.31 X 10-* mole per liter for DPN and approximately 
1.67 X 10-! mole per liter for glycerol. The K, for the dehydrogenase 
and DPN was found to be 2.6 X 10-‘ mole per liter; K, for the dehydro- 
genase and glycerol was 1.07 X 10-? mole per liter. 

The energy of activation, E, was calculated according to the method of 
Arrhenius by plotting the log K against the reciprocal of the absolute tem- 
perature and applying the equation, the slope = —EH/4.606. By this 
method, / was found to be approximately 13,000 calories. 

Biochemical Properties of Enzyme—The pH range for activity and the 
pH optimum of approximately 10.0 can be seen in Fig. 3. That phosphate 
is not required was demonstrated by the equal rate of activity of the 
enzyme in Sérensen’s phosphate buffer, in a carbonate-bicarbonate buffer, 
and in a tris(hydroxymethyl)aminomethane buffer, each made up to the 
same pH. Analysis of the complete systems in which the carbonate-bicar- 
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bonate buffers were used showed an inorganic phosphate concentration of Hy 
less than 3.0 y per ml. as determined by the method of Fiske and Subbarow | the 
(6). As further confirmation of the absence of any phosphate requirement, | stra’ 
complete systems containing a sufficient concentration of Mg++ and NH,;* | pot} 
ions to bind a total of from 4 to 5 mg. of inorganic phosphate showed no 
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Fig. 1. First order reaction rates of the DPN-linked enzymatic oxidation of glyc- 
erol at varying enzyme concentrations. a, initial concentration of DPN; x, decrease 
in concentration of DPN in a given time; Curve O, 10.5 y per ml. of the final total 
protein concentration; Curve A, 5.3 y per ml. of the final total protein concentra- 
tion; Curve 0, 2.6 y per ml. of the final total protein concentration. 

Fig. 2. Relationship of enzyme concentration, in terms of final protein concen- 
tration, to the rate of reaction. Optical density readings taken 5 minutes after the 
start of each reaction. I 
take 
perceptible diminution in activity. There was no spectrophotometrically - 
measurable reduction of TPN*+ at 340 mu when it was used in place of 


DPN? in identical concentrations, either at pH 10.0, pH 8.4, or pH 7.2. _ 
The observation that the pH optimum was 10.0 suggested that the ac- | . 
tivity of the glycerol dehydrogenase could be determined at this pH even i | 
in the crude cell-free extract, since at this pH the “interfering” flavoprotein wo 
(1) had been found to be completely inactive. This assumption proved “ 
correct, and thus it became possible to estimate the degree of enzyme} 
purification that had been achieved. ses 
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n of That the flavoprotein previously mentioned could completely obscure 
row | the spectrophotometric measurement of DPN*+ reduction was also demon- 
ent, | strated. For this purpose complete systems were buffered at pH 8.4, where 
H;* | both glycerol dehydrogenase and the flavoprotein were quite active. If 
1 no 
TaBLe I 
Stoichiometric Relationship between DPNH and DHA 


DPNH* Triose 


Method for triose determinations 
uM | uM 
0.255 | 0.267 | Seliwanoff (specific for ketoses) 
0.795 | 0.798 | Acid phosphomolybdate (not specific) 
0.474 | 0.471 a“ a a ‘ 
0.213 0.183 “ = 3 < 





*The dehydrogenase activity in all the test systems assayed for DPNH and 
DHA was completely stopped by the addition of 1 drop of 1 X 10°? m ZnSQx,. 
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79 the flavoprotein was added to the system after measurable reduction of 
" ‘“ DPN*, rapid reoxidation of DPN H_ occurred as shown by a decrease 
overt optical density. If the flavoprotein and dehydrogenase were added 
. | simultaneously, there was no spectrophotometrically measurable accumu- 
‘otein ; a 
lation of DPNH. 
The effect of various enzyme inhibitors upon the dehydrogenase activity 
was investigated. Urethane, quinacrine, and acriflavine failed to inhibit 
in final concentrations of approximately 1 X 10-5 m. The nitrofuran, 5- 
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nitro-2-furaldehyde semicarbazone, similarly failed to inhibit in a final 
concentration of 1.6 X 10-‘m. Dependence of the enzyme on sulfhydry] 
groups for its activity is suggested by the fact that sodium p-chloromercuri- 
benzoate inhibited its activity about 95 per cent at 1 X 10-5 m and 100 
per cent at 1 X 10-‘ M final concentration. However, this inhibition was 
not perceptibly reversed by addition of 1 X 10-? M cysteine. The enzyme 
was metal-sensitive, being over 90 per cent inhibited by 1 X 10-5 Mm and 
100 per cent inhibited by 1 X 10-‘ m concentrations of Zn++, Cut+, and 
Fet*+, It was not, however, inhibited by Cot+, Mn++, or Tl* even in a 
concentration of 1 X 107° m. 

The rather high degree of heat stability of this dehydrogenase was dem- 
onstrated further by heating portions of a partially purified preparation, 
pH 6.5, for 10 minutes at 70°, 75°, and 80°, respectively. After 10 minutes 
at 75° there was still 54 per cent of the original activity and, after 10 
minutes at 80°, 20 per cent of the original activity remained. Held in the 
refrigerator at 0-5°, the partially purified preparation showed a fairly rapid 
loss of 50 to 55 per cent of its original activity within 48 hours. This rate 
of activity loss was the same whether the preparation was held in distilled 
water, in 0.85 per cent saline, or in 0.06 m phosphate buffer at pH 7.2, but 
was greatly accelerated in 0.1 mM carbonate-bicarbonate buffer at the optimal 
pH for activity of 10.0. 


DISCUSSION 


The oxidation of glycerol to DHA by certain organisms, particularly 
those of the genus Acetobacter, has long been known (7, 8) and is the basis 
for the commercial production of DHA (9). Some recent work has been 
done with whole resting cells of Acetobacter suboxydans, indicating that the 
reaction is DPN-linked and does not require phosphate (10, 11). In our 
studies it has been conclusively demonstrated that a partially purified 
glycerol dehydrogenase obtained from a strain of EF. coli oxidizes glycerol 
to DHA and is specifically DPN-linked, and that the reaction requires no 
phosphate. 

Failure to demonstrate other dehydrogenases in the partially purified 
preparation indicates that the glycerol dehydrogenase has a heat: stability 
unusual for the dehydrogenases of EL. coli. The optimal pH is very high, 
but many other dehydrogenases have high pH optima. These high pH 
optima can be explained by the fact that all reactions involving oxidation- 
reduction of pyridine nucleotides are of the type 


Substrate —H. + DPN+ = substrate + DPNH + H+ 


As can be seen, hydrogen ions participate in the reaction, and, under in 
vitro conditions in which the end-products accumulate, a high hydrogen 
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ion concentration should favor the equilibrium of the reaction to the left. 
Thus a high optimal pH peak for a dehydrogenase could represent the point 
at which the increasingly high pH begins to denature the enzyme protein. 
Therefore the high optimal pH of the glycerol dehydrogenase may be 
another aspect of its relatively high stability under conditions that result 
in the denaturation of most enzyme proteins. 


SUMMARY 


1. A relatively heat-stable, DPN-linked glycerol dehydrogenase has been 
isolated from a strain of Escherichia coli and partially purified. 

2. Oxidation of the glycerol to dihydroxyacetone in a 1:1 molar ratio 
with DPN+ reduced has been demonstrated. 

3. The reaction has been shown to require no inorganic phosphate. 

4, Kinetic studies of the partially purified enzyme showed the constant, 
K,, for DPN and for glycerol to be 2.6 X 10-* mole per liter and 1.07 X 
10-2 mole per liter respectively. The energy of the activation was ap- 
proximately 13,000 calories. 

5. The optimal activity was at pH 10.0. The enzyme was found to be 
highly sensitive to inhibition by sodium p-chloromercuribenzoate, Znt+*, 
Cut+, and Fet++, but was not inhibited by urethane, quinacrine or acri- 
flavine, by Mn++, Co*+, or TI*, or by the nitrofuran, 5-nitro-2-furaldehyde 
semicarbazone. 
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IRON EXCRETION IN THE MOUSE* 
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(From the Department of Medicine, University of Washington School of Medicine, 
Seattle, Washington, the Department of Nutrition, Harvard School of Public 
Health, and the Department of Biochemistry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, November 4, 1952) 


The current concept of iron metabolism in animals and man emphasizes 
the limited excretion of body iron (1). Balance studies after iron loading 
indicate that there is no significant capacity to unload excessive iron stores 
from the body (2-6). These studies have been confirmed by the more 
precise measurements with radioisotopes of iron (7-9). Although it has 
been suggested that appreciable losses of iron occur in sweat (10), this has 
been disproved when surface contamination was eliminated by the use of 
radioiron! (11). 

It is evident that the day to day loss of iron from any route is restricted 
to such a degree that an accurate measurement of excretion by analysis of 
excreta and exfoliated tissue is impossible. In the present study iron ex- 
cretion was determined from the radioactivity present in the total carcass 
of mice sacrificed over a period of 300 days. 


Materials and Methods 


100 Swiss mice about 4 weeks old were divided into four groups with 
equal sex distribution. 

Group 1—Thirty mice served as controls and were kept on a diet of 
Purina dog chow with supplements of yeast powder, lettuce, and cod liver 
oil. 

Group 2—Thirty mice were made “‘iron-heavy” by the injection of 20 
mg. of iron, as the saccharated oxide, in five divided doses intravenously, 
preceding the administration of the radioiron. The diet was the same as 
for Group 1. 

Group 3—Twenty mice were fed on Gaines dog pellets through the ex- 
perimental period. 

Group 4—Twenty mice were fed on Gaines dog pellets containing 5 per 


* These studies were supported by grants-in-aid from the United States Public 
Health Service, the Atomic Energy Commission, the Williams and Waterman Fund 
of the Research Corporation, New York, and the Nutrition Foundation, Inc., New 
York. 

1 Moore, C. V., personal communication. 
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cent ferric citrate for 2.5 months before the radioiron was injected, and 
thereafter were carried without supplemental iron. 
All animals were injected intraperitoneally with 0.5 ml. of a solution of 
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Fig. 1. The radioactivity of normal mice (Group 1) is expressed as per cent of radio- 
iron injected. Each point represents the analysis of a separate whole carcass. 


There is a progressive exponential decrease in activity representing iron loss, 50 per 
cent in approximately 140 days. 
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Fig. 2. The disappearance of radioactivity from the carcass of mice with increased 
iron stores (Group 2) over a period of 300 days. Half of the radioactivity is lost in 
approximately 140 days, which is similar to the results with the normal animals. 


FeCl; containing 25,000 ¢.p.m. and 5 y of iron. Each mouse was kept 
in a separate cage throughout the experiment. Every 4 weeks an animal 
from each group was killed and the carcass saved for analysis. Every 8 
weeks additional animals from Groups 1 and 2 were sacrificed, and the 
carcasses partitioned into blood, liver, spleen, bones, hair, and residual body 
tissue. The blood aliquot was obtained by cardiac puncture, and ex- 
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sanguination completed by cutting the brachial artery. Final values for 
blood radioactivity were corrected to an assumed total blood volume of 2 
ml. Hair was removed with electric clippers. Liver and spleen were re- 
moved in toto. The remainder of the carcass was autoclaved and the 
bones separated from other tissues. 

The bones and residual carcasses as well as the total animals were di- 
gested in nitric acid, dry ashed at 450°, and the iron extracted in isopropyl 
ether (12). Samples of blood, spleen, liver, and hair were wet ashed. An 
aliquot of the final iron solution was adjusted to 10 mg. by the addition of 
carrier iron and electroplated (13). The radioactivity was determined with 
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Fig. 3. Total carcass radioactivity of animals in Groups 1 and 2 plotted according 
to sex. No difference is apparent between male and female animals. 


an argon-filled Geiger tube having an efficiency for the Fe®® of 3 per cent. 
All counting was performed at the end of the experiment, thereby eliminat- 
ing correction for isotope decay. 


Results 


Over a period of 300 days there was an exponential decrease of radio- 
active iron in the carcass of the four groups of mice. Half of the initial 
activity was lost at approximately 140 days in each group. The total 
carcass activity in Groups 1 and 2 is shown in Figs. 1, 2, and 3. There 
was no difference in disappearance rate of radioiron between male and 
female animals or between animals with normal and increased body iron. 
There was likewise no difference between animals prefed iron (Group 4) 
compared with animals injected with iron (Group 2). 

Partition of carcass iron in normal and “iron-heavy”’ animals indicates 
a difference in distribution of radioiron (Figs. 4 and 5). In the normal 
animals the largest fraction is found in the red blood cell mass, while in the 
iron-injected animals the liver holds the greatest amount of radioiron. 
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However, in each group the rate of decrease in activity in the larger com- 
partments appeared to be similar to the decrease in total carcass activity. 
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Fic. 4. Results of radioactive analysis of various carcass components of the ani- 
mals in Group 1 indicate that the greatest portion of radioactivity resides in the red 
blood cell mass. The decrease in red cell radioactivity closely approximates the de- 
crease in total carcass activity shown in Fig. 1. 
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Fia. 5. The radioiron content of tissues of “iron-heavy” mice indicates that the 


majority of activity is localized in the liver and that the decrease with time is similar 
to that of total carcass activity. 
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DISCUSSION 


In the preceding studies, the iron turnover in the mouse has been meas- 
ured by labeling body iron and determining its disappearance rate. In the 
normal animal an equilibrium may be assumed between absorption and 
excretion, and therefore a turnover of iron is being measured through a 
compartment of relatively constant size. The turnover of body iron will 
occur at a rate of 0.693/T; (14). By employing such a formulation the 
coefficient of transfer is 0.5 per cent per day, or a turnover equivalent to 





YIIM 


a 


ii 


ity. 


ani- 
red 
de- 


the 
ilar 


.aS- 
the 
and 
ha 
will 
the 
; to 





STEVENS, WHITE, HEGSTED, AND FINCH 165 


total body iron would occur in 200 days. This turnover is similar in male 
and female animals. 

Although the data do not permit the conclusion that the turnover rates 
in normal and ‘“iron-heavy” animals are the same, it is of considerable 
interest that they are of similar magnitude. In these animals distribution 
of body iron and radioactivity differed from normal in that most of the 
iron was localized in the liver, as would be anticipated (15). Yet excretion 
from this area was comparable to the loss from the red cell compartment in 
normal animals, supporting the concept that different compartments of 
body iron had attained approximate equilibrium and were apparently 
equally available for excretion. Thus total body turnover might be esti- 
mated by sampling single compartments of body iron. These results also 
indicate that iron excretion is accelerated with increased body iron, since 
a similar rate of radioiron loss in the “iron-heavy” animals represents the 
excretion of a quantity of iron several times that lost from the normal 
animal. The biliary excretion studies of Hahn and associates (7) in dogs 
and the measurement of fecal and urinary iron excretion by Dubach and 
associates (9) in man are consistent with this. 


SUMMARY 


The rate of loss of radioiron from the body of the mouse has been deter- 
mined. There was a turnover of body iron of 0.5 per cent per day. Nor- 
mal animals and animals with increased iron stores regardless of sex showed 
approximately the same per cent loss of body iron per unit time. 
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THE LARGE SCALE PREPARATION OF SODIUM 
DESOXYRIBONUCLEATE FROM RIPE 
SALMON TESTES* 


By C. F. EMANUEL anp I. L. CHAIKOFF 


(From the Department of Physiology of the University of California School of Medicine, 
Berkeley, California) 


(Received for publication, December 5, 1952) 


Established methods for the preparation of desoxyribonucleic acid are 
time-consuming and result in low yields. The end-products are often de- 
polymerized and, in some cases, are highly contaminated with protein. 
One of the earliest (and perhaps still one of the best) methods to be made 
available was that proposed by Hammarsten in 1924 (1). By employing 
a modification of this method, Schwander and Signer (2) obtained one of 
the most homogeneous, highly polymerized (3) nucleic acids so far de- 
scribed. For our purpose, however, both methods proved too cumbersome 
for the large scale preparation of desoxyribonucleic acid. For the same 
reason, the methods devised by Mirsky and Pollister (4) and by Gulland 
et al. (5) were not considered suitable, even though they provide a product 
of high molecular weight (6). The micromethods of Schneider (7) and 
of Schmidt and Thannhauser (8) yield an extensively degraded product, 
apparently because of the drastic treatments with strong acids and bases. 

To supply our need for large amounts of native sodium desoxyribonu- 
cleate (NaDNA), a simplified method was devised which permits almost 
quantitative isolation of the product in a purified form. This procedure 
is also based on the principles used by Hammarsten, but simplified and 
modified so that the extractions are carried out under neutral conditions. 

Since ripe salmon testes consist almost entirely of masses of sperma- 
tozoa, and thus provide one of the richest sources of nucleoproteins, we 
have used this tissue as starting material for the preparation of NaDNA. 
The mild conditions employed for isolation of NaDNA outlined here have 
enabled us to obtain as much as 28 gm. of nucleic acid from 400 gm. of 
salmon testes in a matter of a few hours. This represents more than 3 
times the yield obtained by Hammarsten from thymus (1). 


EXPERIMENTAL 


Method—200 gm. of ripe salmon testes,! which had been frozen for ship- 
ment immediately after removal from the fish, were allowed to thaw to 

* This work was supported by a contract from the United States Atomic Energy 
Commission. 


1 We are indebted to the British Columbia Packers, Ltd., Vancouver, Canada, 
for a generous supply of testes from salmon, identified by them as Oncorhynchus keta. 
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3° before being ground in an ordinary meat grinder. The mince was 
transferred to a powerful high speed mixer? equipped with a stainless steel 
paddle. When the mixture appeared to be free flowing and homogeneous, 
1 liter of water was added, with mixing, and the resulting suspension was 
filtered through a single layer of cheese-cloth. The residue was again 
minced in the high speed mixer, again suspended in water, and strained as 
before. This process was repeated at least three times, or until nothing 
but connective tissue remained in the non-filtrable residue. The collected 
filtrates were forced through fine mesh nylon with the aid of small ad- 
ditions of water. (The total volume of water added should not exceed 
1400 ml.) This suspension was divided into halves, and each half was 
worked up independently as described below. 

An equal volume of water (about 800 ml.) was added to the diluted 
homogenate, followed by addition of 2 ml. of a molar solution of sodium 
arsenate to inhibit enzymatic depolymerization (9). While the suspension 
was mixed vigorously, enough solid sodium chloride was added to insure 
that the resulting solution was saturated with salt. Mixing of the ex- 
tremely viscous solution was continued for 15 minutes to complete the 
salting out of protein. 360 gm. of Hyflo Super-Cel were then added, and 
stirring was continued until the mixture became homogeneous. 

The NaDNA was then separated from the mixture by filtration. This 
was done with a No. 6 Biichner funnel containing a 24 em. Whatman No. 
1 filter paper. A small amount of Hyflo Super-Cel was first added with 
enough water to overlay the entire surface of the filter paper. It was 
important, at this point, to free the filter flask of any Super-Cel that would 
later contaminate the nucleic acid filtrate. The well mixed tissue prepara- 
tion was then filtered with suction, a process normally completed in 1 hour 
or less provided the amounts of tissue, water, and filter aid were correctly 
proportioned. (Since each batch of tissue requires slightly different treat- 
ment, a certain amount of experience is needed to obtain rapid filtration 
rates. The filtrate should be sparkling clear and free of any solid material 
except salt crystals.) After transfer of the filtrate to a 3 liter beaker, with 
two small water rinses, the dissolved NaDNA was precipitated by adding 1 
volume of 95 per cent ethanol. To prevent mechanical occlusion of pre- 
cipitating sodium chloride, it was important that the NaDNA solution 
was not quite saturated with sodium chloride. This was provided for 
by the two small rinses of the filter flask. With slow stirring, it is possible 


2 The type $5830, sold by Schaar and Company, Chicago, was found suitable for 
our purposes. The Waring blendor proved inadequate since it quickly overheats 
and has neither the capacity nor the power to mix the extremely viscous nucleopro 
tein solutions. 
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to collect all of the extremely fibrous NaDNA as a snow-white ball on a 
stirring rod. The product may be temporarily stored in 75 per cent 
ethanol. 

The Celite filter cake was resuspended in water, and an excess of solid 
NaCl was added until, with vigorous stirring, the mixture was again satu- 
rated. The NaDNA was filtered and precipitated as before. This process 
was repeated by using about 20 per cent less water each time until the 
filtrate lost its pronounced viscosity or the previous filtrate failed to yield 
practical amounts of NaDNA on the stirring rod. Three to four filtra- 
tions usually sufficed to remove almost the entire NaDNA content of the 
tissue. 

In this fashion it is possible to obtain an over-all yield of at least 7 per 
cent NaDNA from ripe salmon testes which we have estimated to contain 
about 7.5 per cent of this substance (see below). 

Removal of the last traces of occluded salt was accomplished with the 
continuous extraction apparatus shown in Fig. 1. This apparatus in- 
sures that the moist NaDNA is not exposed to temperatures higher than 
25°. With 95 per cent methanol as solvent, inorganic salt was completely 
removed in 24 hours. The methanol was removed with ether, leaving a 
white, fluffy mass (NaDNA) which was dried over POs; in vacuo at 60°. 

If desired, salmine can be readily dissolved from the remaining filter 
cake with distilled water. It can then be salted-out of its solution with 
sodium chloride or sodium sulfate. In the latter case, the salmine sulfate 
thus formed floats on the water surface as a colorless oil which is skimmed 
off and triturated in alcohol to yield a white, water-soluble solid. 

Properties—The NaDNA isolated was a white, odorless, fibrous material 
which dissolved very readily in water. Its absorption spectrum was 
typical, with a maximum at 257 my and a minimum at 230 mu. The 
absorbancy, A, (1 per cent, 1 cm., 257 my, water, 20°), of the preparation 
was 216.5. Most samples gave either a negative Sakaguchi test for arginine 
or an ambiguously positive result, indicating, at most, only a trace of con- 
taminating protamine. Microanalyses of samples dried in vacuo at 60° 
showed that the product contained 14.6 per cent N (micro-Kjeldahl), 8.6 
per cent P (Niederl and Niederl (10)), and 6.9 per cent Na (Robertson and 
Webb (11)). The nitrogen to phosphorus ratio of 1.68 is very close to 
theoretical for a tetranucleotide containing on the average 1 molecule each 
of guanine, adenine, thymine, and cytosine nucleotides, namely 1.70. 

Recoveries—To obtain a measure of the exactness of the extraction pro- 
cedure, the nucleic acid content of the ripe salmon testes was determined 
spectrophotometrically. This method was suggested by the fact that the 
main bulk of this unique tissue is nucleoprotein (12). Furthermore, since 
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the protein moiety of salmon nucleoprotein contains little material ab- 
sorbing light at 257 my (13), almost all absorbancy at this wave-length 
found in whole testes can be presumed to be due to nucleic acid itself, 
A small slice of tissue from the ripe salmon testes was weighed (98.6 
mg.) and ground to a paste with 0.5 gm. of Hyflo Super-Cel. This paste 
was mixed with 10 per cent sodium chloride, and the resulting suspension 
was filtered and washed repeatedly into a liter volumetric flask. The 
mixture was made to volume with 10 per cent sodium chloride, and the 
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Fig. 1. Continuous extraction apparatus 


absorbancy of the solution was determined at 257 mu; a 10 per cent sodium 
chloride solution was used as a blank. The absorbancy of this solution 
was 0.160. Calculated on the basis that A, (1 per cent, 1 cm., 257 mu, 
water, 20°) for this particular type of NaDNA equals 216.5 at the absorp- 
tion maximum, the concentration of material in this tissue absorbing at 
the selected wave-length was about 7.5 per cent of the wet tissue weight. 


Comment 


The method described here for the isolation of NaDNA is applicable to 
tissues extremely rich in this substance, such as thymus, spermatozoa, and 
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prepared nuclei. It is not suitable for tissues like liver, in which the con- 
centration of NaDNA is low. The method offers certain advantages over 
earlier procedures. By saturating the tissue homogenate with NaCl, 
the nucleic acids were rapidly brought into solution and the proteins were 
salted-out in one step. The speed with which this was accomplished 
seemed to limit enzymatic depolymerization. Use was also made of ar- 
senate which, according to Fischer e¢ al. (9), strongly inhibits pancreatic 
depolymerase. Avoidance of conditions other than neutral during the 
isolation contributed to the yielding of a native product. Because com- 
plete isolation from a single batch of 400 gm. of ripe testes requires but a 
few hours, the entire procedure can conveniently be carried out at room 
temperature. The desirability of working at a lower temperature should 
not, however, be overlooked. 


SUMMARY 


1. A rapid method for the isolation of sodium desoxyribonucleate from 
ripe salmon testes is described. 


2. The yields (7 per cent of the wet weight) were almost quantitative 
since, as Judged by spectrophotometric analysis, this unique tissue contains 
about 7.5 per cent NaDNA. 
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TRANSITORY INCREASE IN FAT CONTENT AND SIZE 
OF LIVER INDUCED BY INSULIN IN 
ALLOXAN-DIABETIC RATS* 


By M. J. OSBORN, J. M. FELTS, ann I. L. CHAIKOFF 


(From the Department of Physiology of the University of California School of Medicine, 
Berkeley, California) 


(Received for publication, December 8, 1952) 


In earlier studies we demonstrated that the injection of insulin into 
alloxan-diabetic rats resulted in a pronounced increase in the recovery of 
fatty acid-C when slices of the rat livers were incubated with either C'- 
labeled lactate, pyruvate, or acetate (1-3). Although this finding was 
interpreted as meaning that an increase in fatty acid synthesis had occurred 
in the liver, it should be pointed out that it may reflect, to some degree, 
shifts in the dynamics of the system under study. We argued that if the 
pronounced increase in fatty acid-C™ recoveries observed in the experi- 
ments with liver slices were an index of what was occurring in the intact 
animal, it should be possible to detect a net gain in the fat content of the 
liver of the diabetic rat treated with insulin, since the hormone also de- 
creases the oxidation of fatty acids to COe.! A study of the conditions 
necessary for eliciting such a response in the diabetic rat by insulin injec- 
tion was therefore undertaken. It was found that 4 days of insulin injec- 
tions resulted in a 6-fold increase in the fat content of the liver of the 
alloxan-diabetic rat fed a diet high in carbohydrate but entirely free of fat. 

An additional finding reported here is the pronounced increase in liver 
size that results from insulin injections. 


EXPERIMENTAL 


Treatment of Animals—The Long-Evans rats used in this study were 
made diabetic by an intravenous injection of 45 mg. of alloxan mono- 
hydrate (Eastman) per kilo of body weight at least 30 days before their 
use in this study. For a short period before the animals were sacrificed, 
daily records were kept of food and water consumption and urine output. 
Only those rats manifesting a fasting blood sugar in excess of 200 mg. per 
cent, in addition to a sustained polyphagia, polydipsia, and polyuria, were 
used. 

Rats were injected daily with 40 units of protamine zinc insulin (Lilly) 
per kilo of body weight for periods of 1, 2, 3, 4,6, and 8 days. In addition, 


* Aided by a grant from Eli Lilly and Company. 
1 Unpublished observations of G. W. Brown, Jr. 


173 








174 EFFECT OF INSULIN ON LIVER 


each of these rats received 50 units of unmodified insulin (Lilly) per kilo of 
body weight exactly 2 hours before being sacrificed. On the day before 
the first injection, each rat was placed on a synthetic diet containing 60 
per cent glucose (1) and was maintained on this diet for the duration of 
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Rat N ° | Daily food | Daily urine Highest Fasting | Blood | Days of |__ re — 
oe ean at fatake output | cay blood | Sugar at insulin | When ’ 
| (range) (range) |(24 hrs.) sugar* | sacrifice ‘injection placed on wee 
| diett ° _— 
ie, Teter Sibi t bee Me ah 
days | gm. ce. | gm. Cent | "ae. | gm. gm. 
1 52 | 19-26 | 20-180 | 10.1 | 280 | 500 0 240 | 248 
2 38 | 23-29 | 60-110 | | 250 | 400 | O | 251 | 260 
3 42 | 1030 | 50-100 | 9.5!) 310 | 650 | O | 190 | 180 
4 | 50 | 1628 | 35-135 | 9.0| 250 | 540 | 1 | 238 | 269 
5 | 38 | 2340 | 40-90 | | 440 | 640 | 1 | 180 | 202 
6 54 | 18-23 | 36-90 | | 320 | 350 | 1 244 | 269 
7 38 25-28 | 20-115 | 450 | 440 | 2 210 | 238 
8 52 20-36 | 30-110 | 8.2} 285 | 380 2 235 | 260 
9 52 17-25 | 50-120 | 10.0 310 | 240 3 200 | 231 
10 63 | 10-26 | 15-175 | 9.2| 220 | 300 3 198 | 227 
11 56 28-32 | 20-100 | 300 360 3 224 | 262 
12 54 10-30 | 15-90 10.0) 260 | 150 3 181 | 221 
ms. |. 19-28 | 25-185 | 10.4 | 320 | 300 4 221 | 232 
14 32 | 17-26 | 35-180 | 11.4) 300 | 160 | 4 237 | 275 
15 52 10-22 | 35-70 | 8.5| 300 | 180 | 4 182 | 202 
16 45 13-25 | 80-95 | | 200 | 270 | 6 | 148 | 182 
17 68 | 20-38 _ 30-100 | 8.5| 271 | 140 6 | 233 | 269 
18 68 16-30 | 20-90 | 8.0| 287 | 120 8 | 187 | 242 
19 40 20-26 25-100 | 240 290 8 110 | 177° 


* See the experimental section. 

¢ The uninjected rats were fed the high glucose diet (1) for 3 days before they 
were sacrificed. All others were placed on this diet 24 hours before the first insulin 
injection (see the experimental section). 


the experimental period. The uninjected diabetic rats were also fed this 
high carbohydrate diet for 3 days before being sacrificed. 

The history of the diabetic rats used in this study is given in Table I. 

Preparation of Substrate—The pyruvate-2-C™ used in this study was 
obtained from the Texas Research Foundation as the lithium salt. The 
sodium salt was prepared, and its purity was checked as described previ- 
ously (2). The C"™ content was assayed by the method of Felts et al. (1). 
50 uM of pyruvate (1 X 10* ¢.p.m. of C™ per um) contained in 0.5 ec. of 
isotonic NaCl solution were added to each incubation flask. All radio- 
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active samples were counted on a thin end window Geiger-Miiller tube 
which had an efficiency of 5 per cent. 

Incubation Procedure—The preparation of the liver slices and the incuba- 
tion procedure have been described elsewhere (1). The incubation flask 
which was designed by H. Baruch will be described elsewhere. 

C™ Analyses—The collection of C“O. and the determination of fatty 
acid-C have been described previously (1, 2). — 

Carbohydrate Analyses—Approximately 30 minutes after the animals were 
sacrificed, samples were taken from the pool of liver slices and analyzed for 
total carbohydrate content, as described earlier (1). Heart blood was 
taken from each rat immediately after it was sacrificed for determination 
of blood glucose (4, 5). 

Protein Determination—Approximately 750 mg. of liver slices taken from 
the pool were weighed and placed in a tared centrifuge tube together with 
7 cc. of 10 per cent trichloroacetic acid. The tissue was macerated with a 
spatula and extracted three times with 10 per cent trichloroacetic acid, 
once with 95 per cent ethyl alcohol, twice with alcohol-ether (3:1), and 
finally with ethyl ether. The residue was dried to constant weight; the 
values are recorded as protein in Figs. 2 and 3. Values found by this 
method agree well with those calculated from nitrogen determinations 
(micro-Kjeldahl) on separate portions of liver slices. 

Total Fatty Acid Determination—The combined alcohol, alcohol-ether, 
and ether extracts noted above were saponified with alcoholic KOH and 
carried through the same purification procedure as that described for fatty 
acid-C™ (1). The purified fatty acids were then dried and weighed. 

Dry Weight Determination—Approximately 100 mg. of liver slices were 
blotted, weighed on a torsion balance, dried at 100° for 18 hours, and re- 
weighed. 





Results 
Liver Size and Water Content of Liver 


The livers of the uninjected diabetic rats represented 3.9 to 4.3 per cent 
of the body weights (Fig. 1). The livers of all insulin-treated rats were 
enlarged. After a single injection of insulin, the liver weight of one di- 
abetic rat amounted to 9.2 per cent of its body weight. 

The wet weight-dry weight ratios of the livers of the injected rats ranged 
from 3.3 to 4.1 (Table IT); those of the uninjected rats, from 4.0 to 4.4. 


Carbohydrate, Fat, and Protein Content of Liver As Percentages 
of Its Wet Weight 


Carbohydrate Content—The total carbohydrate content varied from 5.1 
to 7.0 per cent of the wet weight of the liver in the case of uninjected 








176 EFFECT OF INSULIN ON LIVER 


diabetic rats (Fig. 2). These percentages were doubled 24 hours after the 
start of insulin injections, by which time each rat had received a single 
injection of protamine zinc insulin and another of regular insulin just 2 
hours before being sacrificed. In one rat, after such treatment, the carbo- 
hydrate content of the liver reached a value of 14 per cent (equivalent to 
almost 60 per cent of the dry weight of the liver). The carbohydrate con- 
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Fia. 1. Liver size of alloxan-diabetic rats as percentage of body weight 


TABLE II 


Wet Weight-Dry Weight Ratios of Livers of Alloran Diabetic Rats, Untreated and 
Treated with Insulin 





Days of insulin treatment* 
Experiment No. |_ : 





0 | 1 2 3 4 6 8 
1 | 40 | 41 4.1 4.1 4.0 4.0 
2 4.0 | 3.8 3.4 3.7 3.6 4.1 4 
3 4.4 3.7 3.5 3.3 


* See the text for the details of insulin injections. 


tent of the livers was also increased after 2 days of insulin treatment, but 
to a lesser extent. Thereafter they were not significantly above the level 
of the untreated rats; indeed, the average carbohydrate content of the 
livers of diabetic rats injected with insulin for 4 days was somewhat lower 
than that found in untreated diabetic rats. 

It should be noted that none of the insulin-treated rats showed symptoms of 
hypoglycemia during the experimental period, nor were any of the blood sugars 
in the hypoglycemic range at time of sacrifice. 

Faity Acid Content—A large, though transitory, accumulation of fat was 
observed in the livers of the diabetic rats that were injected with insulin 
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(Fig. 2). Although the diabetic level of 1.4 to 2.9 per cent (wet weight) 
was unchanged after the first injection of insulin, the fatty acid content 
of the livers was doubled after the second injection. After three or four 
daily injections of insulin, the fatty acid content rose to 9 per cent; it then 
fell sharply, returning, after six daily injections, to a level not significantly 
above that observed before the start of the injections. 

Protein Content—The protein content of the livers of the untreated di- 
abetic rats was 15 to 17 per cent of the wet weight (Fig. 2). In all groups 
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Fig. 2. Fatty acid, protein, and total carbohydrate content of rat livers as per- 
centage of liver wet weight. 


of injected rats, however, protein constituted a significantly lower fraction 
of the liver weight, amounting to not more than 11 per cent during the 
first 2 days of injection, and thereafter returning to about 14 per cent in 
rats that had been injected for 4, 6, and 8 days. 


Carbohydrate, Fat, and Protein Content of Whole Liver Expressed As 
Percentages of Body Weight 


Since the liver increased in size after insulin injections, the actual change 
in liver constituents is better shown when their amount in the whole liver 
is expressed as percentage of body weight. Such values are given in Fig. 
3. Thus liver protein, which constituted from 0.61 to 0.67 per cent of the 
body weight of uninjected diabetic rats, was increased to about 0.80 per 








178 EFFECT OF INSULIN ON LIVER 





07+ FATTY ACIDS 





BODY WEIGHT 
oO oO 
a ® 


° 
rs 





PER CENT OF 
° ° 
nm w 








PROTEIN or FETAL 
| CARBOHYDRATE 











4 4 4 








+ + + 4 5 
Oo 2 4 6 8 oO 
DAYS OF 


244642 Oe 4 8 
INSULIN TREATMENT 


Fig. 3. Fatty acid, protein, and total carbohydrate content of rat livers as per- 


centage of body weight. 
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Fia. 4. Recoveries of pyruvate-2-C™ as C“O» and fatty acid-C™ in 500 mg. of rat 
liver slices incubated for 3 hours in bicarbonate buffer (6). For explanation see the 


text. 
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cent of the body weight after two injections, and reached a maximum of 
1.0 per cent of body weight after three or four daily injections. 

The carbohydrate and fatty acid contents in whole liver, expressed as 
percentages of the rat weights, are also shown in Fig. 3. Thus the rats, 
after three or four injections of insulin, actually had six times as much 
fatty acid in their livers as did the untreated diabetic rats. 


Incorporation of C' of Sodium Pyruvate-2-C™ into Fatty Acids and CO, 


When 500 mg. of liver slices from untreated diabetic rats were incubated 
with pyruvate-2-C", 2.9 to 4.7 per cent of the added C“ was recovered as 
fatty acids at the end of 3 hours (Fig. 4). Fatty acid synthesis from 
pyruvate was greatly increased in slices prepared from insulin-treated rats, 
the C“ recoveries reaching a peak of 26 per cent after 2 days of injection. 

The CO» expired by diabetic liver slices contained about 30 per cent of 
the added C" (Fig. 4). COs recoveries were drastically reduced in the 
experiments with liver slices prepared from the insulin-treated groups. 
Less than 8 per cent of the added C" was recovered as CO, with liver 
slices of rats that received insulin for 1 day; the recoveries then gradually 
rose to about 18 per cent on the 8th day. 


DISCUSSION 


The finding that repeated insulin injections in the alloxan-diabetic rat 
result in a pronounced increase in the lipide content of the liver would 
appear to conflict with the well known observation that the complete re- 
moval of insulin from an animal, such as the dog, produces an intense fatty 
liver (7, 8). It is apparent, however, that the insulin-induced fatty liver 
reported here differs from that resulting from lack of the hormone. The former 
is temporary, the accumulated fat being quickly dispersed upon continua- 
tion of the insulin injections. Under the conditions of our study, liver 
fatty acids reached a maximum of 9 per cent after 4 days of insulin treat- 
ment. Since the liver also increased in size as a result of the insulin injec- 
tions, the actual gain in fatty acids is shown by the values for fatty acid 
content, per whole liver. Thus the livers of diabetic rats before the start 
of insulin injections contained about 0.2 gm. of fatty acids; after four 
daily injections, the fatty acid content per whole liver rose to 1.2 gm. 

Preliminary studies carried out in this laboratory! indicate that oxidation 
of administered tripalmitin-C"™ by liver slices prepared from diabetic rats 
injected with insulin for 2 days is depressed much below diabetic and 
probably below normal levels. It seems likely, therefore, that an extremely 
rapid rate of lipogenesis (induced during the first 3 days of insulin injec- 
tions), coupled with a reduction in the rate of fat oxidation, accounts for the 
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observed accumulation of fat in the liver on the 3rd and 4th days after the 
start of insulin injections. 

As judged by the incorporation of the C“ of pyruvate-2-C™ into fatty 
acids by liver slices, the rate of fatty acid synthesis fell abruptly on the 
4th day after the start of the insulin injections. This was a consistent 
finding in all of our experiments. Since the fat content of the liver was 
maximum on the 4th day, this raises the interesting question as to whether 
a homeostatic mechanism exists for regulating the rate of hepatic lipo- 
genesis, the stimulus to which is the fat content, per se, in the liver cell. 

The reciprocal relation between fatty acid-C“ synthesis and CO. forma- 
tion noted in earlier studies (1-3) is again evident. Thus in the insulin- 
treated diabetic rat, 2-carbon units formed from added pyruvate are pref- 
erentially utilized for lipogenesis. After the 4th day of injection, as 
lipogenesis decreases, relatively more 2-carbon units are available for oxida- 
tive purposes. 

The enlargement of the liver observed in diabetic rats treated with 
insulin for 1 to 8 days is perhaps the most extraordinary response to in- 
sulin reported here. Accumulation of fat alone does not, however, ac- 
count for the increased size of the liver. Enlargement, in fact, preceded 
the increase in fat content. In this connection it should be noted that the 
wet weight-dry weight ratios of the livers of the hormone-treated diabetic 
rats are no higher (indeed, in some cases, are lower) than those of the 
uninjected animals. The degree of enlargement noted after the Ist day 
of insulin injections (see the Ist day in Fig. 1) may be ascribed to the large 
increase in carbohydrate content, but thereafter the absolute amounts of 
protein, as well as of fat, also show marked increases. Even after 8 days 
of insulin injection, when the percentages of all constituents approached 
diabetic levels, the livers of the injected rats were about 40 per cent heavier 
than those of uninjected diabetics. 


SUMMARY 


1. The influence of insulin on (1) size, (2) fat, carbohydrate, and protein 
contents of the liver, and (3) hepatic lipogenesis, as measured by the rate 
of incorporation of the C of pyruvate-2-C" into fatty acids in vitro, was 
studied in alloxan-diabetic rats. 

2. It is shown that repeated insulin injections can increase the fatty acid 
content of the liver of the alloxan-diabetic rat. Under conditions outlined 
in this study, a 6-fold increase in the fatty acid content of the liver was 
observed after the 4th daily insulin injection. 

3. The insulin-induced fatty liver is, however, transitory; the fatty acid 
content of the liver falls abruptly after the 4th day of insulin injections 
and returns almost to diabetic levels after 6 days of treatment. 
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4. The rate of hepatic lipogenesis, as measured by the conversion of C- 
labeled pyruvate to fatty acids, is very high during the first 3 days of 
insulin treatment, but falls sharply after the 4th daily injection, at which 
time the total fat content of the liver is maximal. The existence of a 
homeostatic control that regulates the rate of hepatic lipogenesis, stimu- 
lated by the level of the fat in the liver, is therefore suggested. 

5. Although the livers of the diabetic rats treated with insulin contained 
a significantly smaller percentage of protein per unit weight, the total 
amount of protein per whole liver was substantially increased. 

6. The enlargement of the liver observed in diabetic rats treated with 
insulin is described and discussed. 
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2-AMINOETHANESULFINIC ACID: AN INTERMEDIATE IN THE 
OXIDATION OF CYSTEINE IN VIVO* 


By JORGE AWAPARA 


(From the University of Texas, M. D. Anderson Hospital for Cancer Research, 
Houston, Texas) 


(Received for publication, November 3, 1952) 


In a paper from this laboratory (1) the author reported that the intra- 
yenous injection of cysteine gave rise to alanine and taurine in the liver. 
Both compounds were determined by means of paper chromatography. 
Further studies have revealed that the alanine component in the paper 
chromatograms could be resolved into two discrete spots if the solvents 
(phenol and 2,4-lutidine) were allowed to migrate farther. The second 
component was never present in the liver, except after the administration 
of cysteine. Meanwhile, Chatagner and Bergeret (2) have presented data 
indicating that a similar if not identical compound is formed from cysteine- 
sulfinic acid by the action of an acetone-dried liver preparation. They 
also found that the same amino compound was formed in the liver of rats 
receiving cysteinesulfinic acid. They named the compound ‘“hypotaurine”’ 
(2-aminoethanesulfinie acid), which is readily oxidized to taurine. 

In this paper, evidence is presented to show that the amino compound 
formed in the liver of rats following the injection of cysteine is 2-amino- 
ethanesulfinic acid and is, in all probability, the same compound as that 
reported by Chatagner and Bergeret (2). Proof of identity has been fur- 
nished by isolating the compound from the liver and by comparison with 
the synthetic material, which was obtained by an indirect reduction of 
taurine. 


EXPERIMENTAL 
Isolation of Unknown from Liver 

Five male rats from the Sprague-Dawley strain, weighing 300 gm. each, 
were fasted for 18 hours. At the end of this period the animals were put 
under Nembutal anesthesia and 400 mg. of cysteine hydrochloride in 2 ml. 
of water injected slowly into the tail vein. The cysteine hydrochloride 
was neutralized with bicarbonate, only in part, because of the poor solu- 
bility of the free amino acid in water. The acid did not seem to affect the 
animals although, in some cases, they showed difficulty in breathing. 15 
minutes after the injection, the animals were sacrificed, and the livers re- 
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moved, weighed, and homogenized with 300 ml. of 80 per cent ethanol. 
Complete coagulation of the proteins was attained by heating the homog- 
enate in a water bath for 10 minutes. The alcoholic extract was treated 
with chloroform according to the procedure reported by the author (3), 
A sample of the final aqueous extract was analyzed by paper chromatog- 
raphy, and the position of the unknown determined (Fig. 1). The limited 
amount of material available made isolation by chromatography on col- 
umns impracticable. Attempts were made to isolate the unknown by 
means of paper chromatography, by using methods similar to those re- 
ported for the isolation of aminoethylphosphoric ester from spleen (4). At 
first, phenol was used as solvent and the fraction of paper containing ala- 


LIV-CYS-O LIV-CY$-15 


e- 
i 
fe) ” _ 
Fria. 1. Paper chromatogram of extracts from livers of a control rat and a fasted 


rat 15 minutes after the injection of cysteine. Solvents, phenol-water and 2,4- 
lutidine-water. 





nine, glutamine, tyrosine, and the unknown was cut out, dried at 50°, and 
eluted from the paper. After reducing the volume, the eluate was again 
applied on paper and this time run with 2,4-lutidine. The operation was 
repeated again until the unknown was free of alanine or any other contami- 
nants that give a positive test with ninhydrin. From the five livers, it 
was possible to isolate a solution containing roughly 8 mg. of unknown ma- 
terial as determined by the color given with ninhydrin. The solution gave 
only one spot on chromatograms, except for traces of taurine which was 
formed in the process of isolation and chromatography. When the sample 
was chromatographed on paper treated with copper carbonate according 
to Crumpler and Dent (5), the spot did not disappear, thus indicating that 
the unknown could not be an a-amino acid. On oxidation with 30 per 
cent hydrogen peroxide the unknown was converted quantitatively into 
taurine, as shown chromatographically. Other tests indicated that the 
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compound was not thioethanolamine or the corresponding disulfide. Only 
four components can give rise to taurine on oxidation: thioethanolamine, 
cystamine, cystamine disulfoxide, and 2-aminoethanesulfinic acid. The 
first two were ruled out (negative nitroprusside test) and, of the last two, 
2-aminoethanesulfinic acid was the most likely possibility in the light of the 
experiments of Chatagner and Bergeret (2). Thus, the final proof would 
rest upon comparison of this unknown compound with a synthetic sample 
of 2-aminoethanesulfinic acid. 


Synthesis of 2-Aminoethanesulfinic Acid 


The author is not aware of the existence of any report in the literature 
describing the synthesis of 2-aminoethanesulfinic acid. This compound 
was prepared in our laboratory by converting benzoyltaurine to the acid 
chloride and then reducing the latter. The 2-aminoethanesulfinic acid was 
then obtained after cautious hydrolysis. 

2-Benzamidoethanesulfonic Acid—The benzoylation of taurine presented 
numerous difficulties and most procedures adopted gave poor yields and 
impure products. The method of Goldberg and associates (6) gave the 
best results. The sodium chloride which formed in the reaction was not re- 
moved, since it was found that it could be removed at a subsequent step. 

2-Benzamidoethanesulfonyl Chloride—The impure benzoyltaurine was 
treated with thionyl chloride according to the procedure of Winterbottom 
et al. (7). No difficulty was encountered in this step. The chloride was 
extracted from the reaction mixture with dry benzene, the benzene evap- 
orated at reduced pressure, and the 2-benzamidoethanesulfonyl chloride 
which remained purified by repeated washing with boiling petroleum ether. 
The complete removal of the unchanged benzoyltaurine at this stage was 
necessary to prevent undue contamination of the final product with taurine. 
The melting point of 2-benzamidoethanesulfonyl chloride was recorded at 
83-86°, which is in agreement with the value found by Winterbottom et al. 
(7). 

2-Benzamidoethanesulfinic Acid—The reduction of the chloride was car- 
ried out, according to a general procedure (8), with sodium sulfite. The 
sulfinie acid formed, however, did not precipitate as a crystalline material 
upon acidification of the reaction mixture. An oil was formed which was 
separated by centrifugation. The oil was suspended in absolute alcohol, 
whereupon a precipitate of inorganic salts formed. The salts were filtered 
and the alcohol evaporated at reduced pressure. The remaining residue 
was a heavy oil that would not crystallize. No further attempts were 
made to obtain the sulfinic acid in crystalline form. 

2-Aminoethanesulfinic Acid—The hydrolysis of the 2-benzamidoethane- 
sulfinie acid was carried out by heating with 6 N hydrochloric acid in a 
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sealed tube for 18 hours. 1 gm. of the oil was placed in a heavy walled 
test-tube with 8 ml. of 6 N hydrochloric acid and the tube evacuated and 
flushed with nitrogen several times. The sealed tube was heated at 110°, 
The benzoic acid which formed was filtered and the filtrate extracted twice 
with ether. The acid solution was evaporated to a small volume at. re- 
duced pressure. A heavy syrup remained in the flask. To the residue, 
absolute alcohol was added and then placed in the refrigerator for several 


SS 


Fig. 2. Paper chromatogram of 2-aminoethanesulfinic acid: (1) isolated from 
livers of rats injected with cysteine, (2) synthetic, and (3) a mixture of both. The 
fast component in (2) and (3) is taurine. Solvent, 2,4-lutidine-water (75:25). 


hours. The crude 2-aminoethanesulfinic acid hydrochloride was filtered 
and purified by redissolving in a small volume of water and adding abso- 
lute alcohol until a heavy precipitate formed. The crystals were filtered, 
washed with cold absolute alcohol, then ether. The dried crystals were 
slightly yellow. Attempts to purify the product by treatment with acti- 
vated charcoal led invariably to its oxidation. Thus this step was omitted. 
The sulfur and nitrogen content of the 2-aminoethanesulfinic acid hydro- 
chloride were determined. Found, 8 23.8 per cent, N 10.0 per cent; caleu- 
lated, S 22.0 per cent, N 9.6 per cent. A solution of the hydrochloride was 
chromatographed after neutralizing it on the paper with ammonia vapors. 
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It gave a spot with an Ry value of 0.64 in phenol-water, which is in agree- 
ment with the Ry value reported for “hypotaurine” by Chatagner and 
Bergeret (2). On oxidation with 30 per cent hydrogen peroxide it was 


converted quantitatively to taurine. The material isolated from the liver 


and the synthetic compound could not be resolved from a mixture by means 
of paper chromatography with several solvents. In Fig. 2 is shown one 
such chromatogram run in 2,4-lutidine-water. The synthetic 2-amino- 
ethanesulfinic acid was always accompanied by some taurine which resul- 
ted, in all probability, from partial hydrolysis of the 2-benzamidoethane- 
sulfonyl chloride. However, taurine could be removed by paper 
chromatography as previously described. The solution of 2-aminoethane- 
sulfinic acid was fairly stable and gave a single component on chromato- 
grams. At room temperature and exposed to air the solution was found to 
oxidize slowly to taurine, a property which is common to most sulfinic 
acids. 


DISCUSSION 


Cysteine gives rise to 2-aminoethanesulfinic acid, probably by a two- 
step reaction: (a) oxidation to cysteinesulfinic acid and (b) decarboxyl- 
ation of the cysteinesulfinic acid. The last step has been studied 
by Bergeret and Chatagner (9) and Bergeret, Chatagner, and Fromageot 
(10). The data presented here seem to confirm their results and to furnish 
evidence which indicates that cysteinesulfinic acid must be an intermediate 
in the oxidation of cysteine. The greatest objection that may be raised 
against the present study is the unphysiological dose of cysteine injected 
into the animals. However, in a subsequent paper (11) results are reported 
which indicate that 2-aminoethanesulfinic acid is actually formed when 
much smaller doses of cysteine are administered. It seems that 2-amino- 
ethanesulfinie acid is a precursor of taurine, at least in the rat. Thus 
cysteic acid need not be formed at all from cysteine in order to give rise to 
taurine. Indeed, it seems that cysteic acid is not a natural precursor of 
taurine, although it may react when given in large doses, or may decarbox- 
ylate in vitro, as shown numerous times. Further evidence is presented in 
a subsequent paper, which indicates that taurine is formed in vivo from 2- 
aminoethanesulfinic acid rather than from cysteic acid. 


The author is indebted to Dr. Richard B. Turner of the Rice Institute 
for his many suggestions on the synthesis of 2-aminoethanesulfinic acid. 


SUMMARY 


1. Following the injection of large doses of cysteine into the rat, a new 
amino compound was found to be formed in the liver. 
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2. The unknown material was isolated from liver of rats treated with 
cysteine and tentatively identified as 2-aminoethanesulfinic acid. 

3. Final proof ‘of identity was furnished by comparison of the natural 
material with a synthetic sample. A procedure for the synthesis of 2-ami- 
noethanesulfinic acid is described. 
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ON THE MECHANISM OF TAURINE FORMATION FROM 
CYSTEINE IN THE RAT* 


By JORGE AWAPARA anp WILLIAM J. WINGO 


(From the University of Texas, M. D. Anderson Hospital for Cancer Research, 
Houston, Texas) 


(Received for publication, January 12, 1953) 


Cysteic acid had been regarded as a possible intermediate in the oxi- 
dation of cysteine to sulfate until White, Lewis, and White (1) demon- 
strated that cysteic acid did not give rise to extra sulfate excretion in the 
rabbit. Virtue and Doster-Virtue (2), experimenting with fasted dogs, 
demonstrated that cysteic acid gave rise to taurine as indicated by the in- 
creased excretion of taurocholic acid in the bile. More direct proof of this 
conversion was presented by Blaschko (3) who discovered an enzyme in the 
liver of dogs capable of decarboxylating cysteic acid. However, Medes and 
Floyd (4) were unable to confirm Blaschko’s results; they reported that the 
enzyme was found in the spleen but not in the liver, heart, or muscle. 

In a preceding paper (5), it was shown that cysteine gives rise to 2-am- 
inoethanesulfinie acid, an intermediate which oxidizes readily to taurine. 
Chatagner and Bergeret (6) have reported that, both zn vivo and in vitro, 
eysteinesulfinic acid gives rise to “hypotaurine” (2-aminoethanesulfinic 
acid). 

In this paper, data are reported which indicate that 2-aminoethanesul- 
finie acid, and not cysteic acid, is the precursor of taurine in vivo. With 
the aid of S**-labeled cysteine it was possible to demonstrate the formation 
of both 2-aminoethanesulfinic acid and taurine from injected cysteine in 
the liver of the rat. 


EXPERIMENTAL 
Studies with S**-Labeled Cysteine and Cystine in Vivo 

S*°-labeled cystine! was used as the hydrochloride in some experiments. 
For most experiments cystine was reduced to cysteine with tin and hydro- 
chlorie acid. The tin was removed with hydrogen sulfide and the filtrate 
from the tin sulfide was evaporated to dryness in vacuo. The residual 
cysteine hydrochloride was washed with acetone and dissolved in water. 

One Sprague-Dawley male rat, weighing approximately 300 gm., was 

* This work was supported in part by a grant from the American Cancer Society 
(INSTR-23D). 

' The cystine was obtained from the Abbott Laboratories, North Chicago, Illinois. 


under allocation from the Atomic Energy Commission. 
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fasted overnight. A non-lethal dose of Nembutal was given to the animal] 
and a small incision made to expose the liver. A small sample of liver, 
about 200 mg., was cut out. Undue bleeding was prevented by the use of 
absorbent gelatin foam. Immediately following the removal of the first 
liver sample, a solution containing 100 mg. of cysteine (about 85 ue. of S*) 
was injected into the tail vein. At 10 minute intervals, small samples of 
liver were cut out and extracted immediately, according to the method of 
Awapara (7). Six such samples were removed, extracted, and analyzed by 
two-dimensional paper chromatography. The chromatograms were ex- 


60m 


TAU 





@ 





cys 3 t 
pf 
Fic. 1. Radioautograph of extract from liver 60 minutes after the injection of 
$*-labeled cysteine. The intersection of the arbitrary lines represents the position 
occupied by alanine. 2-ASA = 2-aminoethanesulfinic acid. 


posed on film for 3 or more weeks and the position of the radioactive areas 
was determined. In Fig. 1 is shown a chromatogram corresponding to 
the 60 minute sample. The analyses revealed that in 10 minutes large 
amounts of cysteine had accumulated in the liver. In addition to cysteine, 
traces of sulfate were detected, but no taurine nor 2-aminoethanesulfinic 
acid was found. At the end of 20 minutes, 2-aminoethanesulfinic acid was 
found in small amounts but no taurine was present. The 2-aminoethane- 
sulfinic acid was found in the same position as that determined for the syn- 
thetic material (5). Taurine began to appear only at the end of 
30 minutes. The concentration of all components increased considerably 
with time in the liver and, at the end of the 1 hour experimental period, 2- 
aminoethanesulfinic acid was detected in the kidney and in the heart. 


ject 
det 
stu 
ind 


aft 
in { 
for 


Rel 


wa 





YIIM 


or 


ion 


eas 
to 
rge 


nic 
vas 
ne- 
yn- 

of 
bly 





J. AWAPARA AND W. J. WINGO : 191 


In previous experiments, in which large quantities of cysteine were in- 
jected (up to 400 mg. of cysteine), 2-aminoethanesulfinic acid could be 
detected in significant amounts 15 minutes after the injection. Cystine was 
studied by using identical methods. The results obtained with cystine 
indicate that this compound is readily absorbed from the blood, as shown 
by the presence of significant amounts of cystine in the liver only 5 minutes 
after the injection. Taurine and 2-aminoethanesulfinic acid were detected 
in the liver in small amounts at the end of a 40 minute period, but not be- 
fore. 


TABLE I 


Relative Concentrations of Cysteic Acid, Taurine, Alanine, and 2-Aminoethanesulfinic 
Acid in Rat Organs Following Injections of Cysteine and Cysteic Acid 


All values are given in micrograms of amino nitrogen per gm. of tissue. 























Found, 2 hrs. after administration 
Organ Injected a 
Taurine Alanine Cysteic acid | 2-ASA* 

Liver Saline 37 42 | - 0 
Cysteic acid 103 45 | a 0 

Cysteine 52 | 50 ae 

Kidney Saline SS) oR 0 | 0 
| Cysteic acid 100 40 123 0 

| Cysteine 130 47 23 | 48 

Heart | Saline 262 17 | 0 | 0 
Cysteic acid 238 15 | 0 0 

Cysteine 294 16 | | 0 

Spleen | Saline 90 g | 0 0 
| Cysteic acid 78 Pi kn ae 0 

| Cysteine | 83 8 | 13 0 





* 2-Aminoethanesulfinic acid. 


Quantitative Studies in Vivo 


The formation of various intermediates from injected cysteine in the rat 
was measured in several organs by quantitative paper chromatography (8, 
9). Although this method fails to give absolute values, the data obtained 
give a reliable picture of the relative concentrations of the various compo- 
nents. Three groups of male rats (two in each group) were fasted for 18 
hours. At the end of this period, one group was given 1 ml. of saline intra- 
venously, the second group received 400 mg. of cysteine, and the third group 
400 mg. of cysteic acid. 2 hours after the injection, the animals were sav- 
rificed; the liver, kidney, heart, and spleen were removed. Chromato- 
graphic analyses were carried out by methods developed in this laboratory 
(8, 9). Concentrations of taurine, alanine, cysteic acid, and 2-aminoeth- 
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anesulfinic acid were determined. The results are shown in Table J, 
Since this experiment was carried out over a 2 hour period, the taurine 
found in the tissues represents the balance of the taurine formed and the 
taurine lost from that particular tissue. In order to obtain a more accu- 
rate picture of the situation, the rate of absorption of taurine from the 
blood by various organs was investigated. A solution containing 50 mg. 
of taurine was injected into each of three rats. Two additional animals 
received an equal volume of saline; these animals were used for controls, 
The rats injected with taurine were sacrificed at different time intervals 
(5, 15, and 30 minutes after the injection). Several organs were removed 


TABLE II 


Relative Increase in Taurine Concentration in Rat Organs Following Intravenous 
Administration of Taurine 
All values are given in micrograms of amino nitrogen per gm. of tissue. 


| 
Time after injection 


Organ ob iste a 





| 5 min. 15 min. | 30 min. 
WRI S. f or hla Ware liveeies eos 3 9 5 47 
MAIO 5 sci. oisidias ses 6°55 481 313 179 
NN 2 esr ee tere his 65 85 26 
AN oo oases «Sots nae 15 0 0 
RINEBOS c.Gcas excises 0 0 20 
POEs 5c8 hee a et sek ses 64 31 15 


* Micrograms of nitrogen per ml. of blood. 


and the concentration of taurine determined by paper chromatography. 
The results are shown in Table II. 


DISCUSSION 


The results of this investigation lend further support to the view held by 
Fromageot and associates that cysteinesulfinic acid plays an important réle 
in the metabolism of cysteine. We were unable to detect cysteinesulfinic 
acid in the livers of animals injected with cysteine, but Chatagner and 
Bergeret (6) have demonstrated that cysteinesulfinic acid gives rise to a 
compound, which is in all probability 2-aminoethanesulfinic acid, both in 
vivo and in vitro. Cysteinesulfinic acid could be a transient intermediate 
which fails to accumulate in detectable amounts. Cysteinesulfinic acid is 
probably readily decarboxylated or attacked by the enzyme “‘desulfinicase” 
to yield alanine and sulfate as shown in the accompanying diagram. 

The existence of alternate pathways poses the problem of regulation. 
Under the experimental conditions reported here, it seems that the for- 
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CH CH. 
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CH—NH; + SO, 
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COOH 


mation of 2-aminoethanesulfinic acid and ultimately taurine is the pre’ 
ferred pathway. This is shown by the concentration of sulfate which is 
relatively lower than that of 2-aminoethanesulfinic acid and taurine 1 hour 
after the injection of S**-labeled cysteine (Fig. 1). 

Cysteic acid gives rise to taurine when injected in large quantities (up to 
500 mg. per rat). However, the absence of cysteic acid in the liver of rats 
injected with small amounts (100 mg.) of S**-labeled cysteine suggests that 
cysteic acid is not the most likely precursor of taurine. Lack of accumu- 
lation of cysteic acid could not be ascribed to rapid decarboxylation inas- 
much as cysteic acid could be detected in considerable amounts in kidney 
and spleen 2 hours after its administration (Table I), but when only 100 
mg. of S**-labeled cysteine were injected no cysteic acid could be detected. 
There is a good possibility that the organism is capable of oxidizing cysteine 
to cystéic acid and decarboxylating the latter to taurine but only as an 
alternate pathway. It would be of considerable interest to compare cysteic 
acid decarboxylase with the enzyme responsible for the decarboxylation of 
cysteinesulfinic acid. If both intermediates were decarboxylated by the 
same enzyme, this would explain the apparent discrepancy between our re- 
sults and those obtained by others. Inasmuch as 2-aminoethanesulfinic 
acid is the first intermediate detected, we must assume that taurine is 
formed from this compound by oxidation. 


SUMMARY 


1. After the administration of S*-labeled cysteine to rats, significant 
amounts of S*-labeled 2-aminoethanesulfinic acid and S**-labeled taurine 
were detected in the liver. Taurine was formed 30 minutes after the in- 
jection. 

2. No eysteic acid could be detected following the injection of small doses 
of S**-labeled cysteine. 
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3. A possible mechanism for the formation of taurine from cysteine has 
been discussed. 
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TRANSAMINATION OF y-AMINOBUTYRIC ACID AND 
B-ALANINE IN MICROORGANISMS* 


By EUGENE ROBERTS, PADMASINI AYENGAR, ft anp IRENE POSNER 


(From the Wernse Laboratory of Cancer Research of Washington University School of 
Medicine, St. Louis, Missour?) 


(Received for publication, January 26, 1953) 


It recently has been demonstrated that preparations from animal tissues 
can transaminate y-aminobutyric acid and @-alanine with a-ketoglutarate 
to form glutamic acid (1, 2). The present communication shows that 
microorganisms can also perform these reactions. 


EXPERIMENTAL 


Compounds Used—The y-aminobutyric acid was purchased from the 
Department of Chemistry, University of Illinois, and was recrystallized 
from alcohol. Samples of this amino acid also were prepared by the 
acid hydrolysis of 2-pyrrolidone (butyrolactam) obtained from Cliffs-Dow 
Chemical Company, Marquette, Michigan. The @-alanine, a-ketoglutaric 
acid, and sodium pyruvate were obtained from commercial sources. So- 
dium salts of phenylpyruvic and a-ketoisovaleric acids were kindly given 
to us by Dr. Alton Meister. 

Microorganisms Studied—A mold, identified as Aspergillus fumigatus, 
was isolated from a solution of y-aminobutyric acid contained in a glass- 
stoppered cylinder which had been kept in a refrigerator for 6 months. 
Serial transfers on Sabouraud’s agar plates and an enrichment medium 
containing y-aminobutyric acid resulted in the isolation of a pure culture 
of the mold. The enrichment medium contained 0.5 gm. each of glucose, 
y-aminobutyric acid, and K,HPO, dissolved in 100 ml. of tap water, the 
pH being adjusted to 6.0. The medium finally adopted after numerous 
experiments, some of which will be described subsequently, contained 0.5 
gm. each of glucose, y-aminobutyric acid, and Kz,HPQ, and 1.0 ml. of salt 
solution (3) without the trace minerals dissolved in 100 ml. of distilled 
water, the pH being adjusted to 8.0. Transfers were performed by inocu- 


* This investigation was supported by research grants from the National Cancer 
Institute, National Institutes of Health, United States Public Health Service, and 
the Charles F. Kettering Foundation. 

+ Supported by a fellowship from the Charles F. Kettering Foundation. 

1 The identification was made in our laboratory by one of the authors (P. A.) and 
was kindly confirmed by Mr. Emanuel D. Rudolph of the Henry Shaw School of 
Botany of Washington University and by Miss Dorothy I. Fennell of the Northern 
Regional Research Laboratory, Peoria, Illinois. 
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lating with small amounts of mycelia obtained from the top of the mycelial 
pads. All incubations were performed at 37° in stationary cultures. It 
was possible to obtain 25 gm. of wet weight of mold in 4 to 6 days growth 
in large flasks on 500 ml. of the above medium. Equally good growth was 
obtained when isomolar quantities of ammonium chloride or -alanine were 
substituted for the y-aminobutyric acid. 

The methods of culture of Lactobacillus arabinosus 17-5 (4) and glutamic 
acid-adapted (4) and acetate-adapted (5) Escherichia coli, strain E26, Iowa 
State College, have been described.2, Acetone powders were made from 
the mold and the bacteria in the manner previously reported (4). 

Wstimation of Transaminase Activity—All incubations were usually car- 
ried out in air with shaking in 20 ml. beakers for 3 hours at 30° in the 
Dubnoff incubator. To all tubes were added 1 ml. portions of a combined 
buffer of tris(hydroxymethyl)aminomethane (0.1 mM) and phosphate (0.1 m) 
at pH 8.1. Other additions were then made as indicated in the individual 
experiments followed by the addition of 1 ml. of the enzyme preparation. 
Aqueous homogenates of the fresh, washed mycelial pads were prepared to 
contain 100 mg. of fresh weight per ml., while homogenates of the acetone 
powders of the mold and bacteria contained 15 mg. of the powder per ml. 
The reaction was stopped and the glutamic acid content of the reaction 
mixture was determined in the manner described previously (2). 

The paper chromatographic technique devised for the estimation of y- 
aminobutyric acid (Roberts and Frankel, p. 57 (6)) was employed for the 
determination of the content of phenylalanine, valine, and alanine after 
incubations performed in the presence of phenyl pyruvate, a-ketoisoval- 
erate, or pyruvate. One-dimensional chromatography in water-saturated 
lutidine was employed in the estimation of phenylalanine and valine in the 
presence of glutamic acid or y-aminobutyric acid, and for the determination 
of alanine in the presence of glutamic acid. Water-saturated phenol was 
used for the separation of alanine from y-aminobutyric acid. The aliquots 
of the incubation mixtures which were used in the determinations were so 
adjusted that interfering ninhydrin-reactive substances were not present 
in the areas occupied by the amino acids determined. Clear compact 
spots were obtained giving colors within the ranges covered by simultane- 
ously determined standard curves. 


Results 


Influence of Conditions of Growth on Mold Transaminase Activity—Pre- 
liminary experiments with mycelial pads from mold grown on the enrich- 
ment medium showed that aqueous homogenates were able to catalyze the 


2 We are grateful to Dr. Samuel J. Ajl and Dr. Donald Wong for growing the cul- 
tures of E. coli. 
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transamination of y-aminobutyric acid and a-ketoglutarate with the forma- 
tion of glutamic acid. Experiments were then performed with mold grown 
on mediums containing ammonium salts, y-aminobutyric acid, or 2-pyr- 
rolidone as the sole nitrogen source (Table I). A number of fungi have 


TaBLeE I 
Influence of Nitrogen Source and pH of Medium on Mold Transaminase Activity 


To the tubes were added 1 ml. of an aqueous homogenate containing 100 mg. of 
fresh weight of mold, 1 ml. of the mixed buffer of tris(hydroxymethyl)aminomethane 
(0.1 m) and phosphate (0.1 m) at pH 8.1, 20 um of a-ketoglutaric acid in 0.2 ml., and 
0.2 ml. of water or 80 um of y-aminobutyric acid contained in 0.2 ml. Tosome of 
the flasks was added 1 mg. of pyridoxal phosphate. The incubations were per- 
formed in air with shaking in a Dubnoff incubator at 30° for 3 hours. All values 
were corrected for the quantity of glutamic acid found in incubation mixtures to 
which had been added homogenate that had been placed in boiling water for 2 to 
4 minutes. The medium on which the cultures were grown contained 0.5 gm. of 
glucose, 0.5 gm. of K,HPO,, and 67.9 mg. of nitrogen in the form of the various 
substances tested in 100 ml. of tap water. Glucose was omitted from the medium 
in Experiment 6. The cultures were incubated for 5 days at 37°. 





pH | uM L-glutamic acid formed per tube 


: -Amino- |, 7-Amino- 
Experiment I: : . | | ry - butyric acid 
No. Nitrogen source of medium y-Amino- ailates butyric irigan eray 


Initial Final | butyric | glutaric ~~ | glutaric 


acid aci . acid + 
“aed | Spmagea 
1 NH,Cl 5.6 2.8 0.2 0.2 0.6 0.5 
2 Re 8.5 6.6 0.1 0.6 1.8 1.0 
3 | (NH4).SO, 5.6 0.4 0.3 1.1 
4 | NH,NOs 5.7 2.9 , 0.0 0.3 0.6 0.5 
5 2-Pyrrolidone 5.6 5.3 | 0.7 0.0 EI 
6 | y-Aminobutyric acid* | 5.6 | 1.6 0.2 3.7 
7 _ “7+! 5.6 5.0 0.9 0.6 Eel 0.8 
8 * # 5.6 4.8 |-—0.3 0.3 bee 1.9 
9 y ee | 8.5 6.6 | 0.5 | ay 5.2 4.5 
10 4 a 8.5 1.9 5.9 5.4 


6.6 | 0.9 
* Glucose was omitted from the medium. 

+ These cultures were grown in desiccators over concentrated H.SO,. The 
desiccators were flushed three times daily with oxygen. 


been shown to be able to use y-aminobutyric acid as the sole source of 
carbon and nitrogen (7). In one experiment in the present study good 
growth was obtained on y-aminobutyric acid in the absence of glucose. 
Only a small amount of submerged growth occurred on 2-pyrrolidone. 
Since excellent growth took place on y-aminobutyric acid under the same 
conditions, it can be concluded that the ring of 2-pyrrolidone is not readily 
opened by the mold to give y-aminobutyric acid. 
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In all of the experiments in Table I more glutamic acid was formed in 
the presence of a-ketoglutarate and y-aminobutyric acid than in the ab- 
sence of either one of these substances. Only low transaminase activity 
was observed in preparations from mold grown on ammonium salts at either 
an alkaline or acid pH or on y-aminobutyric acid at an acid pH. An 
increase in the transaminase activity was noted in the culture grown at an 
acid pH on y-aminobutyric acid as the sole source of nitrogen and carbon. 
A highly significant adaptive increase was found when the mold was grown 
on y-aminobutyric acid-containing medium at an initial pH of 8.5. The 
elimination of the possibility of utilization of ammonia in the air by growth 
over concentrated sulfuric acid in a closed system had little effect on the 
transaminase activity attained. In no instance did the addition of pyr- 
idoxal phosphate significantly increase the activity of the preparations, 
but actually appeared to be slightly inhibitory in six of the seven experi- 
ments in which it was tested. Similar inhibitions were also noted with 
animal tissues (2). 

Transamination of Glutamic and y-Aminobutyric Acids with Three Keto 
Acids by Mold Homogenates—A mold preparation, shown to form 6 yum 
of glutamic acid per tube from y-aminobutyric acid and a-ketoglutarate 
under the conditions described in Table I, was tested for its ability to 
bring about the transamination of phenyl pyruvate, a-ketoisovalerate, and 
pyruvate with glutamic acid or y-aminobutyric acid as amino donor. Al- 
though glutamic acid showed a highly significant degree of transamination 
with each of the keto acids, no activity was found with y-aminobutyric 
acid (Table II). These results suggest that transamination with a-keto- 
glutarate is one of the chief reactions by which the nitrogen of y-amino- 
butyric acid becomes available to the mold for further metabolic uses. 

Transamination of y-Aminobutyric Acid and B-Alanine with a-Ketoglu- 
tarate by Mold Grown on NH,Cl, y-Aminobutyric Acid, or B-Alanine—Mold 
inocula obtained from the same area of one mycelial pad were grown 
simultaneously on mediums containing equimolar amounts of NH,Cl, y7- 
aminobutyric acid, or B-alanine. Determinations were then made of the 
formation of glutamic acid from NH,Cl, y-aminobutyric acid, or B-alanine 
and a-ketoglutarate by homogenates of mycelia from each of these cultures. 
The results are summarized in Table III. All values were corrected for 
the quantity of glutamic acid found in similarly constituted incubation 
mixtures to which had been added aliquots of homogenates that had been 
placed in boiling water for 2 to 4 minutes. Small amounts of transamina- 
tion took place with y-aminobutyric acid and 8-alanine in homogenates of 
mold grown on NH,Cl. The activity was increased from 3- to 7-fold when 
the sole nitrogen source of the growth medium was either y-aminobutyric 
acid or 6-alanine, the ability to transaminate both of these amino acids in- 
creasing approximately to the same extent regardless which was used in the 
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medium. It thus appears either that the transamination of both of these 
amino acids with a-ketoglutarate is catalyzed by the same enzyme or that 
the presence of either substance in the medium can stimulate the acceler- 


TaBLeE II 


Comparison of Transamination by Mold Homogenates of Glutamic and y-Aminobutyric 
Acids with Phenylpyruvic, a-Ketoisovaleric, and Pyruvic Acids 

All of the conditions were the same as those described in Table I with the excep- 

tion that various keto acids (20 um per tube) were substituted for a-ketoglutaric 

acid and glutamic acid (80 um per tube) was substituted for ~-aminobutyric acid 

where indicated. The method for the quantitative estimation of the amino acids 


formed is described in the experimental section of the text. 


Keto acid used 


Phenylpyruvic 


+ 
+ « 


Phenylpyruvic 


oa 
-+ 


a-Ketoisovaleric 


of 
aa 


a-Ketoisovaleric 


-b 
+ 


Pyruvic 


+ 
+- 


Pyruvic 


Amino acid used 


uM amino acid formed per tube 


Phenylalanine 






































Glutamic 
+ 1.5 
_ 0.1 
+ 0.0 
y-Aminobutyric Phenylalanine 
4. 0.2 
- 0.2 
-F 0.0 
Glutamic Valine 
+ 6.4 
— 0.3 
+ 0.1 
y-Aminobutyric Valine 
a 0.2 
es 0.2 
+. 0.1 
Glutamic Alanine 
he 15.5 
Bs 1.8 
* 0.0 
y-Aminobutyric Alanine 
| + 0.6 
| - 0.5 
| + 


0.0 
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ated synthesis or activation of two separate enzymes, one of which is 
specific for y-aminobutyric acid and the other for B-alanine. Experiments 
are in progress to determine which of these possibilities is correct. Chro- 
matographic examination of the culture fluids gave no evidence of extensive 
interconversion of B-alanine and y-aminobutyric acid, since only the amino 
acid originally used in the medium was detected. It was shown previously 
that preparations from mouse liver and brain catalyzed the transamination 
of B-alanine and y-aminobutyric acid with a-ketoglutarate approximately 
to the same extent (2). 


TaBLeE III 
Formation of Glutamic Acid from a-Ketoglutarate and y-Aminobutyric Acid, B-Alanine 
or NH,Cl by Homogenates of A. fumigatus Grown on Mediums 
Containing Latter Substances As Sole Source of Nitrogen 

The experiments were performed in the same manner as those described in Table 
I with the exception that isomolar quantities (80 um per tube) of B-alanine and 
NH,Cl! were substituted for y-aminobutyrie acid where indicated. Values ob- 
tained in the absence of added a-ketoglutarate were uniformly small and are not 
reported in the table. All of the cultures were grown at pH 8.0. 





| uM L-glutamic acid formed per tube 





|- = 
Substance tested | Nitrogen source in medium 


NHsCl | y-Aminobutyric acid* B-Alanine 


a-Ketoglutarate alone...................... 0.4 —0.6 0.9 0. 
ce oe, |: VC) Loree Meee —0.9 0. 
eS + y-aminobutyric acid.... 1.2 a 
+ f-alanine............... 1 8. 


“I bo 
=~ “1 > bo 


| 8. 
as 3 4.2 | 9. 


* These two preparations were obtained from mold grown in different flasks. 

No formation of extra glutamic acid was noted from NH,Cl and a-keto- 
glutarate in any of the preparations, showing clearly that any accelerated 
synthesis of glutamic acid in this system cannot be ascribed to interaction 
with ammonia liberated from y-aminobutyric acid or B-alanine. 

y-Aminobutyric and B-Alanine Transaminase Activities of Acetone Pow- 
ders of Microorganisms—Table IV shows the results of experiments in which 
the acetone powders of the y-aminobutyric acid-adapted mold, H. coli, and 
L. arabinosus were compared with regard to their ability to form glutamic 
acid from a-ketoglutarate and y-aminobutyric acid, B-alanine, glycine, or 
NH,Cl. The mold preparation catalyzed the formation of glutamic acid 
from y-aminobutyric acid and B-alanine, but not from glycine or NH,Cl. 
It was estimated that all of the activity of the fresh mycelium probably 
was recovered in the acetone powder. Both preparations of LH. coli had 
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more transaminating activity for y-aminobutyric acid per unit of dry 
weight than did the mold preparation. However, neither of the prepara- 
tions of FZ. coli had any activity with 6-alanine, indicating that, at least in 
the case of this organism, the y-aminobutyric acid transaminase has a high 
degree of substrate specificity. The acetone powder of L. arabinosus, a 
preparation containing a very active glutamic racemase (9), did not form 


TaBLe IV 
Formation of Glutamic Acid from a-Ketoglutarate and y-Aminobutyric Acid, B-Alanine, 
Glycine, or NH,Cl by Acetone Powders of A. fumigatus, E. coli, and L. arabinosus 
The conditions of the experiments were the same as those in Table I with the 
exception that to each tube was added 1 ml. of an aqueous homogenate containing 


15 mg. of acetone powder. All of the nitrogenous substrates were added in 20 um 
quantities. 


Substrate uM L-glutamic acid formed per tube 
: ~ } Glutamic- | Acetate- Ee 
a-Ketoglutarate Nitrogenous compound fumigatus | a — avabtmaans 
+ 0.3 1 PY Rae 1.3 
- y-Aminobutyric acid —0.6 0.1 —0.7 —0.2 
+ - a 6.3 9.1 14.1 0.9 
- B-Alanine —0.8 —0.4 —0.3 0.9 
+- ue | 8.7 0.8 1.6 1.8 
- Glycine —1.0 —0.3 —0.2 0.9 
“te : —0.9 0.8 0.9 1.3 
— NH,Cl —0.5 0.0 —0.5 Ee 
4 ng 8 Ine 


a 
| © 
| 
a) 
c=) 
i 


Glutamic decarboxylase activity, ul. CO. | 
Der Inger) NR coe ee es 0 | 1500 882 | 0 


* Manometric measurements of glutamic acid decarboxylase activity were made as 
previously described (8). In all of the determinations 1 ml. of enzyme preparation 
containing 2 mg. of acetone powder was used in a final volume of 2 ml. The rates 
were calculated from the constant values attained between 5 and 20 minutes after 
the addition of substrate. 


significant amounts of glutamic acid from any of the substances tested. 
Both cultures of E. coli possessed a high level of glutamic acid decarboxy- 
lase activity, while neither the mold nor L. arabinosus had any detectable 
activity under the conditions employed. The above experiments, together 
with those on animal tissues (2), indicate that the presence of a mechanism 
for transaminating y-aminobutyric acids is not necessarily correlated with 
glutamic decarboxylase activity. However, in brain (10, 2) and in BE. coli 
both glutamic acid decarboxylase and y-aminobutyric acid transaminase 
activities are found at high levels. 
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Extraction of y-Aminobutyric Acid Transaminase from Acetate-Adapted 
E. coli—It was desirable to obtain a soluble and partially purified prepara- 
tion of the y-aminobutyric acid transaminase prior to making a further 
study of the properties of the enzyme. The acetone powder of acetate- 
adapted E. coli was chosen as the source of enzyme because it possessed 
the highest level of activity of any material studied. It was found that 
extraction of the acetone powder with distilled water at room temperature 
could bring most of the activity into solution as judged by the activity 
remaining in the resuspended residue. The total activity in the aqueous 
extracts exceeded that found in the original suspension of acetone powder. 
All of the activity in the extract could be precipitated by the addition of 
3 volumes of 7.2 N (NH4)2SO, at room temperature, while no activity was 
found in the relatively large precipitate formed upon the addition of 1 
volume of (NH4)2SO,. 

In a typical experiment 400 mg. of bacterial acetone powder were ho- 
mogenized in 20 ml. of distilled water in a tightly fitting ground glass 
homogenizer. After centrifugation for 20 minutes at 18,000 x g, the 
residue was reextracted with 20 ml. of water and centrifuged. To 35 ml. 
of the combined extracts were added 35 ml. of 7.2 n (NH,)2SO,y. The 
precipitate was removed by high speed centrifugation and discarded, and 
to the supernatant solution were added 70 ml. of (NH,).SO,. The pre- 
cipitate was removed by centrifugation and redissolved in 15 ml. of dis- 
tilled water to form an opalescent solution. Aliquots of the original extract 
and of the redissolved precipitate were employed for the measurement of 
activity and for nitrogen determination after dialysis against running wa- 
ter for 24 hours. Activity measurements of suitable aliquots were per- 
formed in a final volume of 3.4 ml. in the presence of 80 um of y-amino- 
butyric acid and 20 uo of a-ketoglutarate as described in Table I, with the 
exception that the duration of incubation was decreased to 1 hour. The 
original extract and the (NHj,).SO, fraction catalyzed the formation of 
10.6 and 63.5 um of glutamic acid per mg. of protein nitrogen per hour, 
respectively. The redissolved (NH4)2SO, fraction lost 33 per cent of its 
activity on standing at 4° for 24 hours and was completely inactivated by 
dialysis in the cold for 24 hours against distilled water. In neither case 
was any of the activity restored by pyridoxal phosphate. Further studies 
are in progress on the purification and properties of this enzyme. 


DISCUSSION 


It has been suggested that the utility to microorganisms of the amino 
acid decarboxylases may lie in the decrease of acidity of the medium at- 
tending the decarboxylation and in making CO, available for metabolic 
purposes in an acid medium (11). The present experiments show that, at 
least in the case of glutamic acid, the product of decarboxylation, y-amino- 
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butyric acid, can also be used extensively. It was shown in the present 
study for A. fumigatus and by Emmerling (7) for other fungi that good 
growth can occur with y-aminobutyric acid as the sole source of carbon 
and nitrogen. The data reported herein indicate that transamination with 
a-ketoglutarate to form glutamic acid may be the chief reaction by which 
the nitrogen of y-aminobutyric acid becomes available to the mold. The 
other product of the transamination reaction is probably succinic semi- 
aldehyde (1) or a closely related substance at the oxidation level of succinic 
semialdehyde. Since the latter substance can be oxidized by glyceralde- 
hyde-3-phosphate dehydrogenase (12), it is apparent that mechanisms are 
available for the complete utilization of the carbon chain of y-aminobutyric 
acid via the tricarboxylic acid cycle. In brain and £. coli, both of which 
have active glutamic decarboxylases and y-aminobutyric transaminases, 
there exists the possibility of a shunt around the a-ketoglutaric oxidase 
system by which a-ketoglutaric acid could be withdrawn as glutamic acid 
by transamination with y-aminobutyric acid and the carbon chain of y- 
aminobutyric acid could enter the tricarboxylic acid cycle at the succinate 
level. It is not yet possible in any instance to assess the importance of 
the contribution of these pathways to the flow of nitrogen or to oxidative 
metabolism. 

A study of the fate of the carbon chain of B-alanine, which upon trans- 
amination would be expected to form a substance at the oxidation level of 
malonic semialdehyde, is in progress. 


SUMMARY 


1. Aqueous homogenates of mycelial pads from a mold, identified as 
Aspergillus fumigatus, catalyzed the formation of glutamic acid from a- 
ketoglutarate and y-aminobutyric acid or B-alanine when the mold was 
grown on ammonium chloride and glucose. 

2. The transaminase activity was increased 3- to 7-fold when the sole 
nitrogen source of the medium was either y-aminobutyric acid or 6-alanine. 
The ability to transaminate both of these amino acids was increased ap- 
proximately to the same extent regardless which was used in the medium. 

3. While these preparations could transaminate glutamic acid with phen- 
ylpyruvic, a-ketoisovaleric, and pyruvic acids, y-aminobutyric acid only 
showed activity with a-ketoglutaric acid. This suggests that transamina- 
tion with a-ketoglutarate may be the chief reaction by which the nitrogen 
of y-aminobutyric acid becomes available to the mold. 

4. Acetone powders of glutamate- or acetate-grown Escherichia coli could 
form glutamic acid readily from y-aminobutyric acid and a-ketoglutarate, 
but not from -alanine, while preparations from Lactobacillus arabinosus 
had no activity with either amino acid. 

5. The y-aminobutyric acid transaminase was obtained in soluble form 
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from acetone powders of acetate-grown FH. coli and some purification was 
achieved. 


NO Oe WN 
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6. The possible significance of some of the results was discussed. 
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THE TRANSAMINATION OF KYNURENINE* 


By IRVING L. MILLER, M. TSUCHIDA, anp EDWARD A. ADELBERG 


(From the Department of Bacteriology, University of California, Berkeley, California) 
(Received for publication, November 3, 1952) 


Many bacterial strains of the Pseudomonas group can oxidize tryptophan 
and use it as the sole source of carbon for aerobic growth. Biochemical 
studies (summarized by Stanier and Hayaishi (1)) have shown that kynu- 
renine is formed as a common intermediary metabolite and that there are 
two main alternative pathways for the further dissimilation of this inter- 
mediate. A majority of the strains so far examined degrades kynurenine 
via anthranilic acid and alanine (the aromatic pathway); the first step is 
catalyzed by an adaptive kynureninase, whose properties have been de- 
scribed (2). A few strains degrade kynurenine via kynurenic acid (the 
quinoline pathway). 

The formation of kynurenic acid (III) from kynurenine (I) involves the 
loss of an amino group (shown in a mammalian system to be the aliphatic 
one (3)) and ring closure between the a-carbon atom and the nitrogen 
atom attached to the benzene ring. It is generally assumed that two 
steps are involved, o-aminobenzoylpyruvic acid (II) being formed as an 
intermediate. 


; OH 
COCH.CHNH.COOH \\COCH.COCOOH \ 
+ _ 
NH, Nu: \.y/COOH 
(1) (II) (IIT) 


Kallio and Stanier (personal communication) have made preliminary 
studies on the activities of extracts prepared from bacterial strains which 
use the quinoline pathway. They found that such extracts do not oxidize 
kynurenine and that the oxidation of tryptophan results in the accumula- 
tion of kynurenine. These observations are explained by the experiments 
reported below, which show that the conversion of kynurenine to kynurenic 
acid occurs by transamination, the reaction in vitro consequently depend- 
ing on the presence of an amino acceptor such as a-ketoglutaric acid. 


* This work was supported in part by a contract between the Office of Naval Re- 
search and the Regents of the University of California and in part by a grant-in- 
aid to Dr. M. Doudoroff and Dr. R. Y. Stanier from the American Cancer Society 
on recommendation of the Committee on Growth of the National Research Council. 
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Materials and Methods 


Enzyme Preparations—Pseudomonas sp. strain Tr-7 (4) was used as a 
source of kynurenine transaminase. Cells were grown as described by 
Hayaishi and Stanier (5), harvested in 0.02 m phosphate buffer (pH 7.0), 
centrifuged, and washed once with the same buffer mixture. The packed 
wet cells were ground with alumina (5) and extracted with 2.5 ml. of the 
buffer mixture per gm. of wet cells. Such extracts were used in all ex- 
periments, unless otherwise mentioned. A few preliminary experiments 
were conducted with vacuum-dried whole cells resuspended in buffer. 

The t-amino acid oxidase of Neurospora crassa was prepared from cul- 
ture filtrates by the procedure of Thayer and Horowitz (6). 

Spectrophotometric Methods—Kynurenine, kynurenic acid, and anthrani- 
lic acid were determined by ultraviolet spectrophotometry, with the Beck- 
man model DU spectrophotometer. The extinction coefficients of the 
pure compounds at 365, 330, and 310 my being known, amounts of each 
present in mixtures could be calculated from observed extinctions at these 
wave-lengths by the use of simultaneous equations. 

In some experiments, the transaminase reaction was followed directly 
by spectrophotometry. Each cuvette contained 0.05 ml. of bacterial ex- 
tract, 3.0 ml. of 0.1 m phosphate buffer (pH 7.0), 0.5 um of Lt-kynurenine, 
and a-ketoglutarate as required, in a total volume of 3.1 ml. The instru- 
ment was adjusted for 100 per cent transmission and all components except 
kynurenine were added to the cuvette, a procedure which permitted auto- 
matic correction for absorption by the extract. After addition of kynu- 
renine, readings at 330 and 365 my were made at intervals of 1 or 2 minutes 
until no further changes in optical density occurred. The kynureninase 
reaction was similarly followed; in this case, a-ketoglutarate was omitted 
from the reaction mixture. 

Manometric Methods—Oxygen uptake was determined with the Warburg 


apparatus in the usual manner at a temperature of 30° in an atmosphere | 


of air. 

Chemicals—u-Kynurenine sulfate (isolated from rabbit urine) was kindly 
provided by Dr. R. E. Kallio. Commercial a-ketoglutaric acid (Nutri- 
tional Biochemicals) was used. 


Results 


Preliminary experiments on the kynurenine transaminase were con- 
ducted in evacuated Thunberg tubes, with dried cells as a source of en- 
zyme. It could be shown (Fig. 1) that in the presence of an excess of 
a-ketoglutarate L-kynurenine was converted in high yield to kynurenic 
acid. In the absence of added a-ketoglutarate, no formation of kynurenic 
acid was observed. The stoichiometry of the transamination was estab- 
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lished as follows: A reaction mixture containing 10 mg. of dried cells, 50 
uM of a-ketoglutarate, and 10 um of L-kynurenine was incubated for 72 
minutes at 30° in an evacuated Thunberg tube. At the end of this period, 
spectrophotometric analysis of a deproteinized aliquot showed that 6.0 
um of kynurenine had disappeared and 5.1 wm of kynurenic acid had been 
formed. Analysis by the method of Housewright and Thorne (7) of a 
paper chromatogram prepared from the supernatant fluid showed forma- 


tion of 4.7 um of glutamic acid, in good agreement with the amount of 
kynurenic acid formed. 


1.2 








OPTICAL DENSITY 











260 270 280 290 300 3I0 320 350 340 350 

WAVELENGTH, MILLIMICRA 
Fia. 1. Formation of kynurenic acid from kynurenine by dried cells. @, theoret- 
ical amount of known kynurenic acid; O, observed spectrum of the reaction mixture. 
5.0 um of kynurenine reacting in a final volume of 2.0 ml. 0.1 ml., taken at the end 
of the reaction, was diluted to 3.0 ml. in a Beckman cuvette. A known kynurenic 


acid solution was prepared for determination in same manner in the Beckman spec- 
trophotometer. 


All further experiments were conducted with cell-free extracts, the re- 
action being followed spectrophotometrically. In accordance with the 
requirements of the equation 


L-Kynurenine + a-ketoglutaric acid — kynurenic acid + glutamic acid + H.O 


it was found that both the rate of kynurenic acid formation and the total 
amount formed are proportional to the amount of a-ketoglutaric acid 
added, when the latter compound is present in limiting quantity. This 
can be seen from the data of Table I. 

Although no formation of kynurenic acid could be detected in the ab- 
sence of added a-ketoglutaric acid, a slow disappearance of kynurenine 
occurred, as evidenced by a fall in optical density at 365 mu. In order to 
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ascertain the product of this reaction, the extract was allowed to act on 
kynurenine in the absence of a-ketoglutarate until no further decrease in 
optical density at 365 my could be detected, at which time the absorption 


TaBLeE I 


Kynurenic Acid Formation As Function of a-Ketoglutarate Concentration 


| 
Total kynurenine | Total kynurenic acid | Rate of kynurenic acid 
a-Ketoglutarate added disappearing orme | formation ™ 
uM | uM | pM uM per hr. 
0.00 : 0.00 
0.15 | 0.19 0.14 1.40 
0.30 0.28 0.24 2.10 
0.50 | 0.47 0.43 3.28 


| 


Total kynurenic acid formation and kynurenine disappearance were determined 
after the reaction had reached completion, as indicated by the absence of further 
changes in optical density. The rate of kynurenic acid formation was determined 
by calculating with simultaneous equations the amount of kynurenic acid formed 
at an early time (3 to 4 minutes). 

* In the absence of a-ketoglutarate, the kynureninase reaction proceeds slowly, 
and hence kynurenine disappearance is not related to kynurenic acid formation 
(see Fig. 2). 


0.50 
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° 390 300 310 $20 3350 340 550° S60 
WAVELENGTH, MILLIMICRA 

Fic. 2. Formation of anthranilic acid in the absence of a-ketoglutarate. Condi- 
tions as in Table I, except that the extract had been dialyzed for 24 hours in the cold 
against 0.1 m phosphate buffer, pH 7.0, and then reactivated with 4 y of pyridoxal 
phosphate. The curve for reaction mixture was read at 65 minutes, when all ky- 
nurenine had disappeared as indicated by optical density at 365 mu. @, known 
anthranilic acid; O, reaction mixture. 


spectrum of the mixture was determined. The curve obtained (Fig. 2) 
was virtually identical with that of pure anthranilic acid, and the total 
absorption agreed closely with the calculated absorption for conversion 
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of the kynurenine initially present to anthranilic acid. Chromatography 
of the reaction mixture showed the presence of a compound having the 
same Ry value as pure anthranilic acid. This observation suggested that 
anthranilic acid and kynurenic acid might be formed simultaneously in 
the presence of a-ketoglutarate, which would explain the fact that the 
amount of kynurenic acid formed in transamination experiments was 
always somewhat less than the amount of kynurenine decomposed. In- 
spection of the final absorption curves for reaction mixtures furnished with 
kynurenine and a-ketoglutarate revealed that in all cases the absorption 
at 310 mu was higher, and the absorption at 330 mu lower, than the ex- 
pected values for complete conversion to kynurenic acid. On the assump- 
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00390 300 310 320 330 340 350 
WAVELENGTH, MILLIMICRA 
Fic. 3. The formation of anthranilic acid in the presence of a-ketoglutarate. A, 
0.10 um of anthranilic acid; O, difference between the observed curve and the curve 
for 0.40 um of kynurenic acid. See the text for explanation. 





tion that both anthranilic and kynurenic acids had been formed, the 
quantities of each present at the end of a representative experiment were 
computed from simultaneous equations; these calculations indicated for- 
mation of 0.40 mu of kynurenic acid and 0.09 um of anthranilic acid from 
0.5 wm of kynurenine initially present in the mixture. As a check, the 
absorption curve for 0.40 um of kynurenic acid was subtracted from the 
final absorption curve of the reaction mixture, and the net curve compared 
with that for 0.10 um of pure anthranilic acid (Fig. 3). Since the points 
on the net curve represent small differences between large quantities, 
the error is necessarily high, particulary above 320 my, but a reasonably 
good agreement is evident in the region from 290 to 330 mu. 

According to Stanier and Tsuchida (4) all enzymes on the quinoline 
pathway for the oxidation of tryptophan are substrate-induced. ‘Un- 
induced” cells, grown in the absence of tryptophan, should accordingly 
yield extracts with a negligible kynurenine transaminase activity. This is 
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confirmed by the experiment summarized in Table II; as predicted, an 
extract prepared from asparagine-grown cells showed no transaminase 
activity and a considerably lower kynureninase activity than an equivalent 
extract from tryptophan-grown cells. 

Extracts from strain Tr-7 do not catalyze an oxidative deamination of 
kynurenine in the absence of a-ketoglutarate, as is shown by the absence 
of oxygen uptake at the expense of kynurenine in the Warburg apparatus. 
In contrast, the L-amino acid oxidase of Neurospora crassa can oxidize 
kynurenine slowly, with the formation (determined spectrophotometri- 
cally) of an equimolar amount of kynurenic acid. 


TaBLe II 
Induction by Tryptophan of Enzymes That Decompose Kynurenine 














; | 
Rate of Rec stg of | _ of a gr acid personage activity 
tryptophan by living ormation by extract, | of extract, um kynure- 
Carbon source for cell growth jcells, uM per hr. per am uM per hr. per me. | nine split per hr. per 
dry weight | dry weight of cells | mg. dry weight of cells 
ASPRPAGING. 60.66.2525 06.- | 0.07 0.00 | 0.02 
ry pvopnniic.\'.f055.06%.. | 1.01 | 2.47 0.32 


Conditions for determining kynurenic acid formation as for Table I, except that 
excess (5.0 uM) a-ketoglutarate was used. Kynureninase activity calculated from 
the decrease in optical density at 365 my in the absence of a-ketoglutarate. 


DISCUSSION 


These experiments show that a substrate-induced kynurenine trans- 
aminase forms part of the sequence of enzymes active in the dissimilation 
of tryptophan by Pseudomonas sp., strain Tr-7._ Kynurenic acid forma- 
tion by dried cells and extracts depends on the presence of a-ketoglutarate, 
and, since the glutamic acid formed cannot be reoxidized by these prep- 
arations, a stoichiometric relation between kynurenic and glutamic acids 
is obtained. Wiss (8) has recently reported that the formation of kynu- 
renic acid by mammalian tissues also requires the presence of a keto acid, 
but no data are given. 

In the absence of added a-ketoglutarate, extracts from strain Tr-7 slowly 
attack kynurenine, with the formation of anthranilic acid, presumably 
by the kynureninase reaction. This observation corrects the earlier re- 
port of Stanier and Hayaishi (1) that the quinoline and aromatic path- 
ways for the degradation of kynurenine are mutually exclusive. 

The keto acid (II) assumed to be formed prior to ring closure in the con- 
version of kynurenine to kynurenic acid has not yet been detected. In 
principle, such detection should be possible, since II is sufficiently stable 
to have been synthesized (9). It also remains to be established whether 
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ring closure is spontaneous, enzymatic, or both. The formation of kynu- 
renic acid from L-kynurenine by the L-amino acid oxidase of Neurospora 
suggests, however, that ring closure can be spontaneous, unless the some- 
what improbable assumption is made that Neurospora filtrate contained 
the ring-closing enzyme. 


SUMMARY 


1. A substrate-induced kynurenine transaminase participates in the 
dissimilation of tryptophan by Pseudomonas sp., strain Tr-7. Dried cells 
and extracts catalyze a stoichiometric reaction between kynurenine and 
a-ketoglutaric acid to form kynurenic and glutamic acids. 

2. Extracts from strain Tr-7 also exhibit a small amount of kynu- 
reninase activity and, in the absence of an amino acceptor, catalyze a slow 
but complete split of kynurenine to anthranilic acid. 

3. L-Kynurenine is weakly attacked by the L-amino acid oxidase of 
Neurospora crassa, yielding kynurenic acid in the absence of an amino 
group acceptor. 


The authors wish to thank Dr. M. Doudoroff and Dr. P. 8. Thayer for 
many helpful discussions, and Dr. Thayer for his assistance in preparing 
the L-amino acid oxidase of Neurospora. 
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THE BIOSYNTHESIS OF HYALURONIC ACID BY GROUP A 
STREPTOCOCCUS 


I. UTILIZATION OF 1-C'*-GLUCOSE* 
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(From the Departments of Pediatrics and Biochemistry, University of Chicago, 
Chicago, Illinois) 


(Received for publication, December 15, 1952) 


The mechanism of synthesis of mucopolysaccharides is unknown. As a 
first approach to this problem the synthesis of hyaluronic acid by group A 
streptococcus has been studied. For this purpose a strain of this organism 
(A111) was grown on a semisynthetic medium into which 1-C'*-glucose was 
incorporated. The hyaluronic acid was isolated by utilizing phospho- 
molybdie acid for purification. After hydrolysis, the glucosamine was ob- 
tained by partition chromatography of a derivative and degraded. 

No attempt was made to isolate the glucuronic acid, but the C-6 of this 
group was obtained as CO» during the course of hydrolysis. The hyalu- 
ronate acetyl group as well as the lactic and acetic acids of the medium 
was isolated and subsequently degraded by procedures which will be de- 
scribed elsewhere. These studies have made possible the determination of 
the precursors of the constituent portions of hyaluronic acid. 


Methods 


Growth of Microorganisms—Of various strains of group A streptococci 
tested, strain A111! was found to produce the best yield of hyaluronic acid. 
After preliminary experiments had indicated that a complex medium similar 
to that used by Kendall et al. (2) contained a polysaccharide hydrolyzed 
by hyaluronidase (3), the medium of Bernheimer et al. (4) was successfully 
employed. It was modified only by reducing the glucose concentration. 
In addition to salts, growth factors, and amino acids, the medium contained 
5 gm. of glucose and 20 gm. of casein hydrolysate per liter. Since repeated 
transfer in this medium was found to diminish hyaluronic acid production, 
isotope experiments were performed with lyophilized cells which had been 
grown in a veal infusion-horse serum broth. 


* Aided by grants from the National Heart Institute, National Institutes of 
Health, United States Public Health Service, the Chicago Heart Association, and 
the Helen Hay Whitney Foundation. A preliminary report of this work has been 
presented (1). 

‘We are grateful to Dr. Robert M. Pike for supplying us with this strain. 
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Isolation of Hyaluronic Acid—All cultures were grown at 37°. 0.1 ml. 
of a suspension of lyophilized cells was transferred to 10 ml. of veal in- 
fusion-horse serum medium and incubated for 24 hours before transfer to 
90 ml. of similar broth which was incubated for 18 hours. After wash- 
ing three times with 0.9 per cent saline, the packed cells obtained from the 
above culture were inoculated into 4 liters of the semisynthetic medium. 
Growth was permitted for approximately 30 hours, during which time the 
pH was maintained at 7 to 7.5 by the addition of NaOH solution. Incu- 
bations were carried out in 500 ml. centrifuge bottles, placed in a stainless 
steel box designed to permit the collection of the CO2 produced. 

Preparation of Hyaluronic Acid—At the end of the growth period, the 
medium was centrifuged and the cells discarded. Merthiolate was added 
(final concentration 1:1000), and the mixture refrigerated overnight and 
dialyzed for 4 to 5 days against running tap H,O in the presence of thymol. 
The dialyzed medium was mixed with 4 volumes of acetone and centrifuged, 
and the precipitate was washed with alcohol, followed by ether, and dried 
in vacuo over CaCl:. The yield of crude precipitate varied from 2 to 4 
gm. It could be stored at this point until further purification was con- 
venient. 

The dried material was reduced to a fine powder in a mortar and tri- 
turated with small quantities of H,O until a total of 500 ml. had been 
added. The mixture was stirred in a Waring blendor for 15 to 30 minutes 
(the temperature of the mixture was maintained below 40° by intermittent 
stopping of the blendor). If a considerable residue was found on centrifu- 
gation, the entire operation was repeated. 

For removal of protein, a filtered, saturated solution of phosphomolyb- 
dic acid (reagent grade) was slowly added to the hyaluronic acid solution 
until pH 3.0 was reached (approximately 12 ml. were usually required). 
The precipitate which formed was removed by centrifugation, yielding a 
clear yellow to green supernatant fluid. If turbidity was encountered, it 
was removed by filtration through a large diameter, fritted glass funnel 
with Celite (analytical reagent grade) as a filter aid.* 

The excess phosphomolybdic acid was removed by adding approximately 
150 gm. of Amberlite IRA-400 (hydroxyl form) to the clear fluid and shak- 
ing vigorously on a mechanical shaker for 15 minutes. At the end of this 
time the solution was free of phosphomolybdic acid as indicated by lack 
of color with zinc dust and dilute acetic acid. 


2 It is important that the interval from the time of addition of the phosphomolyb- 
dic acid to removal of the excess reagent be kept at a minimum, since the solution 
will slowly form colloidal molybdenum oxides which are very difficult to remove. 
For this reason, the solution must not come into contact with metals, although stain- 
less steel has only a slow action on the reagent. 
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At this point (after filtration and washing of the resin), the preparation 
was usually slightly turbid. The solution was dialyzed against tap H.O 
for 18 hours (in the presence of toluene) and concentrated in vacuo below 
50°. If the resulting viscous syrup was not crystal-clear, 100 to 200 ml. of 
H.O were added and the solution was filtered through a fritted glass funnel 
and a Celite pad. The filtrate was concentrated once again and the syrup 
was precipitated with acetone (about 3 volumes). After centrifugation 
the acetone was removed and the precipitate dissolved in approximately 
100 ml. of H,O. 

In order to obtain hyaluronic acid free of ash (to facilitate interpretation 
of the analytical data), it was treated with 20 ml. of Amberlite I[R-120 in 
the hydrogen form. The mixture was shaken for 15 minutes and filtered. 
The solution was concentrated as described above, and the fibrous clot 
which was precipitated with acetone was removed with a stirring rod, no 
attempt being made to collect the small quantity of flocculent precipitate 
which was occasionally present. The clot was centrifuged, washed three 
times with alcohol, three times with ether, and dried in vacuo over CaCl. 
The yield of desiccated, white fibrous material varied between 200 and 300 
mg. from 4 liters of medium. 

Analysis of Hyaluronic Acid—Analysis of hyaluronic acid presents cer- 
tain problems because of the difficulties in preparing uniform solutions and 
the hygroscopic nature of the material. Thus, it was found that, in order 
to dry a sample to constant weight, it was necessary to heat at 80° at 0.1 
mm. pressure for 48 hours over P2O;. When such a sample was exposed 
to the atmosphere and weighed in an air-conditioned laboratory, it gained 
5 per cent of its total weight in approximately 4 minutes*® and continued to 
gain moisture rapidly thereafter. 

In order to circumvent these problems, analyses on the solid were per- 
formed upon samples of fine powder which had been dried to constant 
weight. When possible (uronic acid determination, neutralization equiva- 
lent, and optical rotations), the analyses were performed upon aliquots 
of solutions which were prepared by filtration through fritted glass funnels. 
In such cases, the concentration of hyaluronic acid in solution was deter- 
mined by nitrogen analysis. 

The analytical results are presented in Table I. The neutralization 
equivalent was performed by dissolving 44 mg. of hyaluronic acid in 10 
ml. of H,0, filtering, sampling to determine nitrogen content, and rapidly 
titrating an aliquot with 0.01 N sodium hydroxide solution to the phenol- 
phthalein end-point. When this point was reached, a slight excess of alkali 
(0.03 ml.) was added and the flask was stoppered in order to determine 


These analyses were performed by Mr. William Saschek of the Department of 
Chemistry, University of Chicago. 
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whether any further acid group was produced from the hyaluronic acid 
(10). The end-point was maintained for a considerable time, indicating 
no appearance of other acid groups. 
The rate of hydrolysis of the hyaluronic acid by testicular hyaluronidase 
was the same as that obtained with umbilical cord hyaluronic acid. 
Because of the discrepancy found in the uronic acid values, further 
evidence regarding purity as revealed by electrophoretic analysis was ob- 


TABLE I 
Analysis of Hyaluronic Acid 





| | Found* 
Analysis | Method j-——-+— — Theoryt 
| | Sample A | Sample B 
| per cent percent | per cent 
N | Kjeldahl, Ness- 3:72 | 3:87 3.69 
| ler’s reagent | | 
S | Dumast | 3.55 | 
Uronic COz | Gasometric (5)§ | 10.31 | 11.60 
“a | Titrimetric (6) | 10.60 
Ct | Microcombustion | 44.37 | 44.33 
Ht | “ | 8.93 | 5.58 
N-Acetyl | Chromic acid (7) | 11.74 11.35 
~ Sulfuric “ (8) 11.90 
Neutralization equivalent | Titrimetric 355 379 
la] —67.5° | 
Asht Combustion = — 
Glycogen I, = _ 
Hyaluronidase Turbidimetric (9) +44 4-4 +f. 


* All analyses were performed on dried samples or corrected for moisture con- 
tent. Sample A was an inactive sample. Sample B was a radioactive sample. 

t Based upon (Cy4H2OuN)an. 

t Performed by Mr. William Saschek. 

§ The figures in parentheses refer to bibliographic references. 


tained. It has been demonstrated that hyaluronic acid migrates more 
rapidly than the proteins normally found in the body fluids (11) and can 
thus be separated from them. Similar results might be expected if the 
sample were contaminated with a neutral polysaccharide such as glycogen 
or dextran. In addition to the usual electrophoretic analyses indicated in 
Fig. 1, the hyaluronic acid was allowed to migrate out of the descending 
limb and the material remaining behind was analyzed for nitrogen (ultra- 
microtechnique), for carbohydrate with the anthrone technique, and for 
hexosamine. In no case was a positive test obtained. Since the sensitivity 


4 This analysis was kindly performed by Dr. Martin Mathews. 
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of these techniques is known, it is possible to set the maximal degree of 
contamination by a component of lower mobility than hyaluronate as (1) 
nitrogen-containing material, e.g. protein, | per cent, (2) carbohydrate, 
eg. polyglucose, 1 per cent, and (3) hexosamine-containing contaminant, 
1 per cent. 

In order to determine whether the hyaluronate was contaminated with 
nucleic acid or sulfate-containing material, 45 mg. of the sample were 
fused with NasCO;-KNO; mixture (12) and the resulting melt dissolved 
and tested for phosphate (13) and sulfate. Negative results were obtained. 
Calculating from the known sensitivity of these tests, we can determine 
the maximal degree of contamination of the hyaluronate as 0.01 per cent 
phosphorus and 0.01 per cent sulfur. 





Fig. 1. Electrophoretic analysis. 2.3 mg. of radioactive hyaluronic acid per ml.; 
(.009 m phosphate buffer, 0.38 m NaCl, pH 7.0; calculated mobility (descending), 
—6.3 X 1075 em.? volt"! see! at 0°. Photographed after 204 minutes with a Perkin- 
Elmer instrument. 


The analytical data indicate that the hyaluronic acid is of high purity. 
It is of importance to note that the uronic acid value is approximately 11 
per cent low and the neutralization equivalent is 6 per cent low, while the 
other analytical results agree with theoretical values within the error of 
the methods employed. The uronic acid discrepancy is insufficient to af- 
fect the interpretation of the isotope data, but is of interest in terms of the 
composition of the bacterial hyaluronic acid. It should be noted that 
similar values were found by Kendall et al. (2). This discrepancy might 
be explained on the following bases: (1) Although the uronic acid methods 
employed yielded results with glucuronolactone and sodium chondroitin 
sulfate, it is possible that they yield low values with hyaluronic acid (this 
does not explain the low neutralization equivalent), (2) the hyaluronic 
acid is contaminated with some non-uronic acid hexosamine-containing 
substance, and (3) bacterial hyaluronic acid does not have the same com- 
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position as hyaluronic acid obtained from other sources (e.g., the ratio of 
N-acetylglucosamine to uronic acid may be greater than 1). 

Isolation of Lactic and Acetic Acids from Medium—A 1 liter aliquot was 
removed from the culture supernatant fluid and heated at 80° for 20 min- 
utes (no merthiolate was added). The precipitate was removed by cen- 
trifugation, the liquid treated with a 20 per cent solution of AgNO; until 
no further precipitate was formed (about 200 ml.), and the mixture filtered 
with the aid of Celite. The filtrate was treated with H.S, followed by 
Norit A, filtered hot, and the colorless filtrate (pH 3.0) was extracted 
continuously with ether for 24 hours. The extract contained a variable 
quantity of total acid (between 5 and 25 m.eq.) which was distributed in 
the ratio of 1:4 between volatile and non-volatile acids. The ether ex- 
tract was then divided into equal portions and the volatile and non-volatile 
acids were isolated as their benzimidazole derivatives by a modification of 
the method of Moore and Link (14). 

The volatile acid was characterized as acetic acid, since its benzimidazole 
had a melting point® of 175-176° which was not depressed upon mixing the 
substance with an authentic specimen. 

The non-volatile fraction was converted to its benzimidazole and thereby 
characterized as L-lactic acid; benzimidazole derivative, m.p. 175-177° (not 
depressed upon mixing with an authentic specimen (15)); [a]?? = —33.2° 
(c, 2 per cent in ethanol (reported (15) —33.4°)). 


CoHiON2.2 Calculated, C 66.64, H 6.21, N 17.28; found, C 66.28, H 6.42, N 17.10 


The isotope contents of the individual carbon atoms of the acids were 
determined by degradation of the derivatives. Oxidation of 2-methyl- 
benzimidazole yielded 2-benzimidazolecarboxylic acid, which was readily 
decomposed to COz and benzimidazole. The lactic acid derivative yielded 
2-benzimidazolecarboxylic acid after treatment with KMnQ,. Oxidation 
of the lactobenzimidazole with sodium hypoiodite yielded iodoform, which 
represents the methyl carbon atom of the lactic acid. Details of these 
procedures will be described elsewhere. 

Hydrolysis and Degradation of Hyaluronic Acid—150 mg. of the isotopic 
hyaluronic acid were refluxed with 60 ml. of 4 N HCl for 8 hours while a 
stream of CO>2-free air was passed through the system and into two traps 
containing 1 N NaOH saturated with Ba(OH)s. 

The precipitated BaCO,; represented the 6th (carboxyl) carbon atom of 
the glucuronic acid moiety. The remaining hydrolysate was used for the 
isolation of the glucosamine fragment. The acetyl group was obtained 
from a separate portion of the hyaluronic acid, either by a chromic acid 
oxidation procedure (7) or by H»SO, hydrolysis (8), and isolated as its 
benzimidazole. 


5 All melting points have been corrected. 





Wi 
tré 


W 
aC 


fo 
to 


on 


sa 


of 
he 
ed 
id 


its 





ROSEMAN, MOSES, LUDOWIEG, AND DORFMAN 219 


Isolation of Glucosamine—The hydrolysate obtained above was treated 
with Norit A, boiled, and filtered, and the colorless solution was concen- 
trated to dryness in vacuo. The excess HCl was then removed by adding 
25 ml. portions of H.O (three times) and concentrating each time to dry- 
ness. In order to remove acid and any possible contaminating amino acids 
from the hydrolysate, the residue was dissolved in 10 ml. of H.O, adjusted 
to pH 9 with 1 to 2 drops of a 10 per cent solution of Na2COs3, and passed 
through an 8 gm. column of Dowex 1, carbonate form,‘ at a flow rate of 1 
drop per second. The column was washed with 10 ml. of H.O, and the 
total effluent immediately adjusted to pH 5 with acetic acid, concentrated 
in vacuo, and brought to dryness in a centrifuge tube. Conversion to 
N-(2-hydroxynaphthylidene)-p-glucosamine was effected by dissolving the 
residue in 0.1 ml. of HO, adding 150 mg. of 2-hydroxy-1-naphthaldehyde 
(17) in 3.0 ml. of absolute methanol, and storing in the dark at room tem- 


perature for 3 hours. The bright yellow mixture was concentrated in 


vacuo at 10-15°. The residue was dried in vacuo at room temperature for 
4 to 5 hours after removal of the solvent, and it was then washed with a 
mixture of chloroform and ether (3:1) until the extracts were colorless. 
Drying of the precipitate at room temperature in vacuo for 30 minutes was 
followed by chromatography on a silica gel column as described below. 

The silica gel column was prepared by thoroughly grinding 15 gm. of the 
gel (18) with 15 ml. of a 1 per cent solution of NaHCOs, transferring the 
resulting dry powder to a glass column by the use of a chloroform-butanol 
mixture (9:1) to obtain a slurry,’ and allowing the mixture to drain for 3 
hours. At this time the column was approximately 90 mm. long and 25 
mm. wide. The glass tube above the gel was cleaned of excess silica gel 
and a piece of filter paper was placed on the column to prevent disturbance 
of the top layer. All additions to the column were made carefully at the 
center of this paper. 

The Schiff base derivative, prepared as described above, was dissolved 
in 0.6 ml. of pyridine and 0.5 ml. of propylene glycol. To this solution 1.0 
ml. of chloroform and 1.0 ml. of petroleum ether were added, mixed quickly, 
and rapidly transferred to the column (otherwise crystallization will occur). 
The mixture was allowed to drain into the column, and, as the last traces 
were visible, small portions of the chloroform-butanol (9:1) mixture were 
added until all of the yellow derivative had been washed into the column. 
As the chromatogram was developed with a total of 25 ml. of the chloro- 
form-butanol (9:1) solution, a narrow yellow band appeared toward the 
top of the column. The remainder of the development was performed with 


6 When the ion exchange resin is used in its hydroxyl form, glucosamine remains 
on the column. This experience has been amplified and reported elsewhere (16). 

7 The slurry is best obtained by slowly grinding the organic solvent (previously 
saturated with the NaHCO; solution) into the gel. 
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a different solution of chloroform-butanol (7:3) which had also been satu- 
rated with the 1 per cent NaHCO; solution. With movement down the 
column, the bright yellow band spread considerably and at the bottom 
was approximately 2.5 cm. wide. When glucosamine was isolated from 
either a mixture of amino acids or from the hyaluronic acid hydrolysate, 
as Many as six bands were visible. The glucosamine band of the Schiff 
base was easily distinguished from the others by its bright yellow color 
and was thus separated from contaminants. Large quantities of inorganic 
salt were found to interfere with this chromatography. 

The Schiff base derivative was isolated from the chloroform-butanol frac- 
tion by adding 1 volume of acetone and 5 volumes of petroleum ether, 
After at least 12 hours in the refrigerator, yellow crystals of the derivative 
appeared, which were filtered, washed with petroleum ether, and dried in a 
desiccator over paraffin. For analysis the derivative was dried in vacuo 
at 80° for 4 hours; m.p. 209-209.4° (previously reported 202-203° (17)): 
yield approximately 20 mg. 


CiHis0.N.? Calculated, C 61.25, H 5.75; found, C 61.34, H 5.89 


In the isotope experiments the Schiff base was not isolated, but con- 
verted directly to glucosamine hydrochloride. The chloroform-butanol 
eluate was treated with 2 volumes of petroleum ether and was then ex- 
tracted with 10 ml. portions of H,O until the aqueous layer was colorless 
(approximately five times). Concentrated HCl was added to the aqueous 
phase to make the final concentration about 1 N, and the solution was 
boiled until the yellow color disappeared (about 3 minutes). The cooled 
solution was extracted twice with ether (20 ml. each) to remove the 2- 
hydroxy-1-naphthaldehyde, and the aqueous layer was concentrated in 
vacuo to dryness. To the residue dissolved in 0.5 to 1.0 ml. of water, 50 
ml. of acetone were added, and the solution was allowed to stand in the 
refrigerator for 24 hours, whereupon white needles of glucosamine hydro- 
chloride were deposited. These crystals were filtered and washed with 
ether. The yield obtained from 150 mg. of hyaluronic acid varied between 
10 and 20 mg. The substance was dried for analysis at 80° in vacuo. 


CoHi,0;NCI.? Calculated. C 33.42, H 6.54, N 6.50, Cl 16.44 
Found. “ 33.76, “ 6.77, “ 6.85, “ 16.70 


The glucosamine hydrochloride obtained was frequently contaminated 
with salts, probably NaCl, which could be partially removed by recrystal- 
lization with smaller proportions of acetone or alcohol. 

Efficiency of Glucosamine Isolation Procedure—40 mg. of inactive glu- 
cosamine hydrochloride and 90 mg. of a uniformly labeled protein hydrol- 
ysate (radioactivity was 120,000 c.p.m.) were mixed and the glucosamine 
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was isolated by the method described. The yield was 8.2 mg. of gluco- 
samine hydrochloride and its radioactivity was 44 ¢.p.m. It was therefore 
concluded that the isolation procedure is highly efficient in separating 
glucosamine from amino acids. 

Degradation of Glucosamine Hydrochloride—Glucosaminic acid was ob- 
tained by a modification of the procedure described by Pringsheim and 
Ruschmann (19). To 20 mg. of the isolated glucosamine hydrochloride 
dissolved in 2 ml. of H,O, 110 mg. of HgO (yellow) were added, and the 
mixture was refluxed for exactly 5 minutes. The mixture was filtered hot, 
treated with H.S while it was boiling, and filtered through a fritted glass 
funnel containing a Celite pad. The filtrate was occasionally yellow and 
contained colloidal material. Upon concentration to 1 ml., heating, and 
centrifuging, a clear supernatant fluid was obtained. The precipitate was 
washed twice with 1 to 2 ml. of hot water and the combined supernatant 
fluids were concentrated to 1 ml. The addition of 10 ml. of acetone at this 
point resulted in the precipitation of a white crystalline solid; the yield was 
from 10 to 14 mg. of glucosaminic acid. 


C.Hi;0.N.2 Calculated, N 7.18; found, N 6.90 


The C-1 of the glucosaminic acid was obtained by treatment with nin- 
hydrin under the standard conditions described for amino acids (20). In 
this case from 10 to 20 mg. of glucosaminic acid were dissolved in 5 ml. of 
the citrate buffer at pH 4.5 and treated with 100 mg. of ninhydrin, yielding 
1.00 + 0.01 mole of CO: per mole of glucosaminic acid. When precipitated 
as BaCOs, it represented C-1 of the glucosaminic acid. 

For isolation of the remaining 5 carbon atoms of the glucosamine (arabi- 
nose), it was found more convenient to use chloramine-T as the oxidizing 
agent (20) and modify the usual conditions for amino acids. Variations of 
the reaction temperatures and concentrations were studied, but these did 
not improve the yield. 100 mg. of glucosaminic acid were dissolved in 5 
ml. of water and 114 mg. of chloramine-T (Eastman Kodak) were added 
and allowed to react for 1 hour in an oil bath at 70°. The mixture was 
allowed to stand overnight at room temperature, p-toluenesulfonamide was 
removed by filtration, and the filtrate was passed through a column of 
IR-120, hydrogen form, followed by ether extraction to remove the last 
traces of sulfonamide. The aqueous solution was finally deionized by pass- 
ing through successive columns.of Amberlite IR-4B and IR-120, hydrogen 
form. The colorless, neutral solution and column washings were concen- 
trated to a syrup. After dissolving the syrup in 0.5 ml. of H,O, it was 

8 When the oxidation was carried out on a somewhat larger scale than here, arabi- 


nose was isolated from this syrup in 40 per cent yield. During the course of this 
isolation another substance was discovered which was separated from the arabinose 
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treated with a solution of 125 mg. of benzoylhydrazine (21) in 2.5 ml. of 
95 per cent ethanol. The mixture was allowed to stand for 2 to 3 days at 
room temperature, and the hydrazone was filtered and washed with cold 
H,O and cold ethanol. The yield was 66 mg. and the melting point was 
205-206° (previously reported 186° (21)).. When mixed with an authentic 
specimen, the melting point was not depressed. 


Cy2Hi60;N2.2 Calculated, N 10.44; found, N 10.10, 10.24 


1-C"4-Glucose—This substance was prepared by a modification of the 
method of Koshland and Westheimer (22). For the final experiment, a 
sample was obtained from the National Bureau of Standards. Purity of 
the glucose samples was determined by conversion to the p-nitrophenyl- 
hydrazone derivative, recrystallization of this compound to constant actiy- 
ity, and comparison of this activity with the original glucose sample. 

Sample Comparison—All compounds were burned according to an ac- 
cepted technique (8) and the evolved CO: was plated as BaCO;. Count- 
ing was performed in a windowless counter, with Q gas, and all counts are 
presented as corrected to infinite thickness. 


Results 


By means of the techniques outlined, four experiments have been per- 
formed in which 1-C'-glucose has been incorporated into the medium. 
Although isotope concentration in the glucose varied, the relative values of 
the products were the same in all experiments. Table II indicates the 
results obtained in a typical experiment, showing the radioactivity of the 
various moieties studied. It is immediately evident that, under the con- 
ditions used, glucose represents the major carbon precursor of hyaluronic 
acid. 

The value for C-1 of the glucose was obtained by calculation from the 
value determined for the synthesized glucose. 

It will be noted that the average activity of the 14 carbon atoms of the 
isolated hyaluronic acid is 5231 and is comparable to that of the glucose 
added to the medium. The value for the glucosamine was similar, but 
isolation of C-1 and C-2 to C-6 showed that the radioactivity was present 
almost exclusively in C-1, thus indicating that glucose is converted to 
glucosamine without cleavage of the carbon chain. The very low activity 





by fractional crystallization from methanol-water mixtures. Arabinose is the more 
soluble of the two compounds and the last recrystallization of the unknown was 
performed from H,0. Isolated arabinose, m.p. 159-160° (no depression on mixing 
with an authentic specimen); [a]> = —102.8° (c, 2 per cent in H.O). The unknown 
contained no sulfur or halogen (sodium fusion test); m.p. 225°; [a]p = +75.5° (c, 2 
per cent in H.O). Found, C 38.44, H 6.00, N 12.27. This material has not been 
investigated further. 
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of C-2 to C-6 indicates that little resynthesis of glucose occurs in this sys- 
tem. The conversion of glucose to glucosamine is consistent with the 
report by Becker and Day (23) on the origin of blood glucosamine and with 
the conclusions of Topper and Lyston (24) who utilized a system similar 
to that employed in our own studies. 

The N-acetyl group showed an average activity of 5252 for the 2 carbon 
atoms. Essentially all of the activity was demonstrated to be in the 


TABLE II 


Distribution of Radioactivity in Hyaluronic Acid Produced by Group A Streptococcus 
from 1-C"4-Glucose 


| 
| 


Compound Carbon atom Radioactivity 
| c.p.m. 
Glucose in medium | CrCz 5,143 
| C, 30 ,858* 
Hyaluronic acid isolated | Entire molecule 5,231 
Glucosamine from hyaluronic acid | C.-C, 5,094 
Ci | 32,363 
CoCe¢ 72 
Glucuronic acid | Ce 524 
bey 29 ,678/5* 
N-Acetyl | C,-C, 5,242 
| CH; 10,484* 
Medium acetate | C,-C2 5,120 
| COOH 20 
| CH; 9,485 
Medium lactate | C,-C; | 4,309 
| COOH | 14 
| CHOH 9 


CH; | 13,201 
* Calculated. 

methyl carbon. On this basis it was calculated that the methyl carbon 
atom contains all of the activity; that is, twice the average activity of the 
2 carbon atoms. It will be noted that the activity of the N-acetyl group 
is comparable to that of the acetic acid in the medium, suggesting that both 
arise from common precursors or are in equilibrium. The activity of the 
methyl carbon of acetic acid, however, is significantly lower than that of 
the methyl carbon of the lactate, indicating that the N-acetyl and medium 
acetic acid and the lactic acid do not derive entirely from a common pre- 
cursor. This is not surprising in view of the large amount of amino acids 
present in the medium. The activity of the methyl carbon of the lactate 
is somewhat lower than might be expected on the basis of a 3:3 split of the 
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glucose, although the presence of all of the activity in the methyl group of port 
lactic acid is consistent with this idea. It is difficult to evaluate the sig- cark 
nificance of this discrepancy, but it can be explained on the basis of the 
origin of three carbon intermediates from sources other than glucose or 


from glucose by some other mechanism, such as the phosphogluconic acid 1.1 
shunt. 7 
If all of the activity of the hyaluronic acid accounted for by the isolation “if 


of specific fragments is totaled and compared with the total activity of the 3 
hyaluronic acid (14 & 5231), there remain 29,678 counts which have not 4. 
been located. Since all parts of the hyaluronic acid molecule with the 
exception of C-1 to C-5 of the glucuronic acid have been isolated, it follows 
that this portion of the molecule must contain the activity. This activity 
could be readily explained on the assumption that C-1 of the glucuronic 
acid arises directly from C-1 of glucose, as is the case with glucosamine. 
That glucose is converted to glucuronic acid without rupture of the carbon 9. 
chain has been suggested by Eisenberg and Gurin (25) and Mosbach and 10. 
King (26), but has been denied by Bidder (27). Preliminary experiments 


utilizing 6-C-glucose are consistent with the idea that glucose is converted és 
to glucuronic acid without cleavage of the carbon skeleton. 12. 
SUMMARY 13. 

1. A method for the isolation of highly purified hyaluronic acid from the 4 
filtrate of group A streptococcus has been described. This involves the 15. 
use of phosphomolybdic acid for removal of protein. Radioactive hyal- 16. 
uronic acid was isolated after incorporating 1-C'-glucose in the medium. 

2. Glucosamine was isolated from hyaluronic acid hydrolysates by con- ok 
version to N-(2-hydroxynaphthylidene)-p-glucosamine, partition chroma- 
tography, and hydrolysis of this derivative. It was demonstrated that 20, 
this procedure yields glucosamine of high purity. Conversion of the glu- 
cosamine hydrochloride to glucosaminic acid, followed by treatment with 21. 
ninhydrin or chloramine-T, yielded CO, (C-1) and arabinose (C-2 to C-6). 7 

3. The data indicate that the glucosamine moiety derives from glucose a 
without scission of the glucose molecule. 25, 

4. The lactic acid and acetic acid of the medium and the acetyl group 26. 
of the hyaluronic acid were isolated and degraded. Quantitative relation- 27. 


ships suggest that (a) glucose is the major precursor of lactic acid, (b) a 
portion of the acetic acid originates from a source other than glucose, and 
(c) the acetate of the medium and hyaluronate N-acetyl group appear to 
arise from a common precursor or are in equilibrium. 

5. The C-6 of the glucuronic acid moiety of the hyaluronic acid contains 
little radioactivity. The magnitude of the unaccounted for radioactivity 
of the hyaluronic acid is consistent with the idea that the glucuronic acid 
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portion of the molecule is also derived from glucose without cleavage of the 
carbon chain. 
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BIOCHEMICAL STUDIES OF VIRUS REPRODUCTION* 
XI. ACID-SOLUBLE PURINE METABOLISM 


By ARTHUR L. KOCHt 


(From the Department of Biochemistry, University of Chicago, Chicago, Illinois) 
(Received for publication, January 7, 1953) 


Previous studies of the purine metabolism of Escherichia coli have shown 
that radioactive purines are incorporated by the growing bacteria (1). 
When such purine-labeled cells are infected with coliphage T srt, tracer 
appears in the progeny phage (2). Since it appears that the ribonucleic 
acid (RNA) of infected cells is not utilized for the synthesis of virus (2, 3), 
only the desoxypentose nucleic acid (DNA) and the acid-soluble purines of 
the cell are possible sources of this viral isotope. However, the amount of 
purines soluble in cold trichloroacetic acid per cell is small compared with 
the amount of host purine per cell that is transferred to the virus, thus 
leaving the bacterial DNA as the major source of the host contribution to 
the phage nucleic acid (2). 

A study of the réle of the low molecular weight, acid-soluble purine 
compounds was undertaken in the hope that some aspects of the mechanism 
of the synthesis of viral nucleic acid might be understood. This approach 
involved the preparation of bacteria with a much higher specific activity 
in the acid-soluble fraction than in the nucleic acid fraction. This was 
achieved by brief incubation of bacteria in a medium containing radio- 
active adenine and subsequent washing to remove traces of extracellular 
adenine. 

It was shown, by the use of acid-soluble labeled bacteria, that adenine 
compounds of low molecular weight are incorporated into all the nucleic 
acid purines of growing cells and are incorporated into the virus progeny 
isolated from the cells. While, of course, these processes are of only minor 
quantitative significance, this study shows the existence of metabolic path- 
ways for the conversion of acid-soluble adenine to nucleic acid constituents. 


EXPERIMENTAL 


The bacteria, . coli strain B, and the virus, coliphage T,r+, were propa- 
gated as described previously (1, 2). Nucleic acids were partitioned by 


* Aided by grants from The National Foundation for Infantile Paralysis, Inc., and 
from the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the University of 
Chicago. 

+ Present address, Argonne National Laboratory, Post Office Box 299, Lemont, 
Illinois. 
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the Schmidt and Thannhauser method as modified by Schneider (4) and 
hydrolyzed with 1 n HCl for 1 hour at 100°. The purines were isolated by 
the procedure of Cohn (5) on columns of Dowex 50 resin. An essentially 
salt-free preparation of the acid-soluble fraction of bacteria was obtained 
by suspending the pellet of bacteria in 5 per cent trichloroacetic acid 
(TCA) for 0.5 hour at 0° and removing the precipitate by high speed 
centrifugation. The precipitate was washed with more 5 per cent TCA, 
The TCA was extracted with ether until the pH was raised to 4. This 
procedure was carried out rapidly at below 4° so that the acid-soluble 
fraction was acidic for as short a time as feasible (less than 1 hour). If 
necessary, the volume of the acid-soluble fraction was reduced either by 
microlyophilization or drying in vacuo. 

The C'#-8-adenine described previously (1) was used. The radioactivity 
was determined by the use of infinitely thin samples on aluminum plan- 
chets in a gas flow counter. Samples containing HCl were dried in vacuo 
and redissolved in water. Even distribution of the sample on the planchet 
was obtained by addition of detergent. Under these conditions the sam- 
ples were highly reproducible, and the radioactivity was proportional to 
the amount of sample taken. Sufficient counts were taken to reduce the 
probable error to less than 3 per cent. 

The spectra of all samples were measured in the ultraviolet region be- 
tween 230 and 300 my with the Beckman spectrophotometer (model DU), 

The acid-soluble fraction of bacteria was analyzed in three ways: (1) by 
the use of paper chromatography (6-9),! (2) by the use of Dowex | anion 
resin exchange chromatography (10), and (3) by the use of Kalckar’s 
method of differential spectroscopy with muscle adenylic deaminase (11). 


RESULTS AND DISCUSSION 


Purine Components of Acid-Soluble Fraction of E. coli—When the acid- 
soluble fraction of bacteria is hydrolyzed with 1 N HCl at 100° for 1 hour, 
cleaving all purine compounds to the free bases, no detectable nucleic 
acid bases other than adenine are found with either the Dowex 50 chroma- 
togram or the chromatographic procedure of Wyatt (HCl in isopropanol) 
(6). 

If the unhydrolyzed acid-soluble fraction is chromatogramed with the 
solvent system of Vischer and Chargaff (butanol, diethylene glycol, and 
water, 4:1:1) (7), no ultraviolet absorption is found at the Rr of adenine. 


! We wish to thank Dr. Vennesland, Dr. Conn, Dr. Schweigert, and Dr. Rose of 
this University for the gift of pure nucleotides for use as controls on the paper chro- 
matograms. 

2 The muscle deaminase was prepared by Kalckar’s Method A and did not act on 
ATP, DPN, TPN, or yeast adenylic acid. It attacked desoxyadenylic acid at a very 
slow rate, much slower than that observed by Carter with his preparation of muscle 
adenylic deaminase (12). 
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Thus, the amount of free adenine in the acid-soluble compared with the 
total adenine is very small. With the salt solution system of Markham 
and Smith (8) (79 per cent saturated (NH,)2SO,, 19 per cent water, and 2 
per cent isopropanol), two major components were found having Ry values 
corresponding to adenylic acid (AMP) and adenosinediphosphate (ADP). 
Paper chromatography in Carter’s system (5 per cent KH»PO, layered with 
isoamyl alcohol) (9) showed a streak in the region in which adenosine, the 
adenylic acids, ADP, and DPN (diphosphopyridine nucleotide) are found. 
The absence of other spots indicated that large amounts of ADP or tri- 
phosphopyridine nucleotide (TPN) are not present. In fact, enzymatic 
analysis for TPN showed that this nucleotide, like free adenine, is present 
in insignificant amounts.’ It was therefore concluded that the ultraviolet- 
absorbing material present in the acid-soluble fraction of the bacteria con- 
sisted mainly of adenylic acid and ADP. By the use of muscle adenylic 
deaminase and Dowex 1 columns it was shown that all the adenylic acid 
was AMP-5 and not adenylic acid @ or b or desoxyadenylic acid. The 
acid-soluble fraction of growing FE. coli contains AMP-5 and ADP as the 
main purine constituents. 

However, if the bacteria are starved by aeration for 1 hour in phosphate 
buffer at 37°, no AMP-5 is detectable by differential spectroscopy or by 
anion exchange chromatography. This disappearance presumably is due 
to enzymes that hydrolyze AMP-5. The presence of such enzymes was 
demonstrated in a resting suspension of cells in phosphate buffer at pH 
7.4 containing 10-* m Mg** by the rapid conversion of added AMP-5 to 
adenine and adenosine. Bacteria grown anaerobically in glucose medium 
(13) are similar to starved bacteria in that the only components of the 
acid-soluble fraction present in appreciable amounts are adenosine and 
adenine. 

When bacteria were maintained in the cold for approximately 2 hours, 
it was observed that the amount of AMP-5 decreased. In Experiment 1, 
the bacterial acid-soluble fraction had essentially the same composition as 


_ that of growing bacteria, even though the bacteria had been held in the 


cold for 1 hour (see Table I). In Experiment 2, considerable hydrolysis 
occurred during the 2 hours required for labeling, washing, and infecting a 
sample for phage growth (see Table II). The values for adenine, adeno- 
sine, and ATP are only approximate (+30 per cent), because only small 
amounts were obtained, and the spectra indicated the presence of impuri- 
ties. The other substances listed in Tables I and II were obtained in pure 
form as indicated by a comparison of the spectra with that of an authentic 
sample of the substance. 

The composition of the isolated material is only an approximation of 


3 We wish to thank Mr. David G. Anderson for analyzing a sample of E. coli for 
TPN by a very sensitive enzymatic method (personal communication). 
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that existing inside the intact cell. It may be assumed that all enzymatic 
activity ceased the instant TCA entered the cell, but it is certain that 
enzyme-substrate complexes are dissociated and that some adenine com- 
pounds are changed. However, it was found that under the conditions 
used ATP, TPN, and DPN were not destroyed. The last two compounds 


TABLE I 
Composition and Distribution of Isotope of Acid-Soluble Labeled Bacteria 


Experiment 1—2 liters of an aerated 17 hour culture (5 X 10% bacteria per ml.) 
were sedimented and resuspended in 25 ml. of medium 3 X 1074 m in C"4-8-adenine 
(2.0 X 10° ¢.p.m. per ym) for 10 minutes at 38° with vigorous shaking. The labeled 
bacteria were sedimented and washed three times with saline in the cold. An ali- 
quot was treated with TCA at the same time aliquots were added to growth mediums 
for Experiments la, 1b, and 1c, described in Table III. 











| Specific activity Amount* | Total activityt 
| C.p.m. per pM per cent | per cent 
Medium adenine............. | 2,000 ,000 | | 
Acid-soluble as a whole...... | 410,000 | 4.5 | 59 
SPATIBNOSING: Lo aos fois hs: 400 ,000 | 0.2 2.3 
JOSS ee reer | 1,300,000 0.01 4.3 
Cesc 2s wircsyorv ess | 860,000 1.9 38.9 
BARRE ig eee 260 ,000 1.7 | 10.8 
Rena ee ATARI Why 84,000 0.7 | 1.5 
RTM 54 hb eno wee | 1.2 
RNA 
MNBORENNO 2g oo oa 8 eerste des 31,000 19.1 19.1 
CR A ge a 13 ,600 29.5 12.7 
DNA 
bee ee. 20d. BLO 8,100 18.3 4.6 
ROMPRES ics aalescte Sees | 4,900 28.7 4.4 
| 
100 100 





* The total moles of purines in the bacterial cell are taken as 100 per cent. 
+ The total activity (specific activity times amount) of the bacterial cell is taken 
as 100 per cent. 


t The values of specific activity and amount of these substances are approximate. 


may be hydrolyzed to adenosine under the alkaline conditions used for the 
adsorption of the acid-soluble fraction on the Dowex 1 column. For this 
reason adenosine is listed in Tables I and II with quotation marks. 
Incorporation of C'-8-Adenine into Bacterial Acid-Soluble Fraction—lt 
had previously been shown that when £. coli is grown from a small inocu- 
lum in a lactate medium 3 X 10~‘ M in adenine all de novo synthesis of 
purines ceases; 7.e., all purines have the same specific activity as does the 
adenine of the medium (1). For the preparation of acid-soluble labeled 
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bacteria the same conditions were chosen with incubation in the presence 
of radioactive adenine for 10 minutes, followed immediately by centrifuga- 
tion in the cold, and three washings in the cold. As centrifugation required 
about 10 minutes, the bacteria were in the presence of appreciable quanti- 


TABLE II 
Composition and Distribution of Isotope of Acid-Soluble Labeled Bacteria 
Experiment 2—3 liters of an aerated 17 hour culture (1 X 10° bacteria per ml.) 
were sedimented and resuspended in 25 ml. of medium 3 X 1074 m in 8-C!4-adenine 
(2 X 10° e.p.m. per um) for 10 minutes at 25° with vigorous shaking. The labeled 
bacteria were sedimented and washed three times with saline in the cold. An ali- 
quot was treated with TCA at the same time that another aliquot, which had been 


infected with virus, was added to the growth mediums for Experiments 2a and 2b, 
described in Table IV. 








Specific activity Amount* Total activityt 
c.p.m. per uM per cent per cent 
Medium adenine: .....5-sa4085 | 2,000 ,000 
Acid-soluble as a whole....... | 202 ,000 2.7 | 67.6 
*SMQCHOBING Pe -s . e ccs. eu os 280 ,000 0.7 24.5 
Ndemiiotes) 2k ee | 480 ,000 0.2 | 11.5 
SRP i. Bae | 205 ,000 0.8 | 20.4 
wt cc cesuthe iets | 90,000 0.8 | 8.9 
Reais | 60,000 0.2 | 1.5 
|S Gs 1a ee 0.8 
RNA | | 
Mabie utd Th 5,140 2.6 | 17.2 
Cee soins ee ates | 2,040 42.0 | 10.6 
DNA 
MUGHING, -.vs secu ue ea 1,890 12.1 | 2.9 
CCREESIENIINGS oo selce tee haa a aere | 1,020 16.4 1.8 
| | 100 | 100 


* The total moles of purines in the bacterial cell are taken as 100 per cent. 

+ The total activity (specific activity times amount) of the sum of all components 
of the cell is taken as 100 per cent. 

t The values of specific activity and amount of these substances are approximate. 


ties of radioactive adenine for about 20 minutes. Such bacteria contain 
AMP-5 having a specific activity about 200 to 300 times greater than that 
of the most radioactive nucleic acid purine. If the incubation period is 
extended to 30 minutes, the differential labeling between acid-soluble and 
nucleic acid fractions is greatly reduced. At 25° about the same differ- 
ential labeling is obtained, but the specific activity of all fractions is re- 
duced. 


As can be seen from Table I, Experiment 1, the order of decreasing spe- 
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cific activities of the acid-soluble compounds is adenine, AMP-5, ‘“‘adeno- 
sine,” ADP, ATP. In other experiments the specific activities of adenine 
and “adenosine” were relatively less and the amounts relatively more, 
indicating a breakdown of the phosphorylated compounds. The conclu- 
sion drawn from these data is that the components of the acid-soluble frac- 
tion do turn over very rapidly and that the radioactive adenine of the 
medium enters ATP via AMP-5 and ADP. 

The order of decreasing specific activity of the nucleic acid fractions 
listed in Tables I and IT, 7.e. RNA adenine, RNA guanine, DNA adenine, 
and DNA guanine, has been observed in six individual experiments. As 
pointed out above, if the bacteria had been grown from a small inoculum 
in this medium instead of being briefly exposed to it, these four fractions 
would have had equal specific activity. Therefore, it might have been 
expected that unlabeled cells briefly incubated in radioactive adenine me- 
dium would contain nucleic acid purines of equal specific activity. The 
specific activity would indicate the amount of nucleic acids that had been 
laid down during the incubation. However, the guanine samples had lower 
specific activities than the adenine samples. Inasmuch as the composition 
of nucleic acids is assumed constant, this means that during the incubation 
period considerable de novo synthesis of guanine must have occurred; that 
is, some time is required before the presence of adenine stops de novo syn- 
thesis of guanine. Consequently, the specific activities observed cannot 
be correlated with the amount of nucleic acid synthesis. 

The difference in specific activities of RNA and DNA is probably due to 
a difference in rates of synthesis of the two types of nucleic acid. This is 
consistent with the observation of Morse and Carter (14) that 2. coli in 
the lag phase of growth shows considerably higher rates of synthesis of 
RNA than of DNA, and that upon introduction of the bacteria into fresh 
medium the bacteria may be considered to go into the lag phase. 

Although the amounts and specific activities of ‘‘adenosine,” adenine, 
and ATP are only approximate, the total activity of these fractions could 
be more accurately determined, and, therefore, the distribution of total 
activities in Tables I and II for all components may be considered accurate 
to +5 per cent. In Experiment 1 most of the acid-soluble radioactivity 
is found in AMP-5 and ADP, whereas in Experiment 2 these fractions 
account for less than half of the total activity of the acid-soluble fraction. 
This probably represents differences in enzymatic degradation during the 
washing procedure, as mentioned above. 

From these considerations it may be concluded (1) that adenine of the 
incubation medium is adequately removed from the bacteria during the 
washing procedure and (2) that the radioactivity associated with the acid- 
soluble compounds does measure the radioactivity of the acid-soluble frac- 
tion at the time the sample was taken for analysis. 
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Conversion of Acid-Soluble Adenine to Bacterial Nucleic Acid—In Table 
III are listed the results of Experiments la, 1b, and 1c, in which the labeled 
bacteria were added to various unlabeled growth mediums. After 2 hours 
of aeration at 37°, the bacteria were harvested and analyzed. During this 
period the amount of RNA had increased 5.8-fold, but the DNA had in- 
creased only 2-fold. This is consistent with the idea that these bacteria 
were in the lag phase of growth.‘ 


Taste III 
Incorporation of Acid-Soluble Adenine into Nucleic Acids of E. coli 
Aliquots of the bacteria described in Table I were added to mediums containing 
various supplements: Experiment la, 3.0 X 10-4 m in adenine; Experiment 1b, no 
supplement; Experiment Ic, 3.0 X 10-4M in guanine. The experimental flasks were 
aerated at 37° for 2 hours and the bacteria were harvested and analyzed. The 
results are expressed in counts per minute per micromole. 





Experiment 1a, adenine Experiment 1b, no addition} Experiment ic, guanine 
L. I 











Total | New* | Total New*. | Total | New* 
material synthesis material | synthesis | material | synthesis 

ek ae ee pars. RPE LS Oe 4 TR ee ccs 

j | | 

RNA adenine*....| 16,200 | 13,000 | 22,500 20,500 | 21,400 . 19,300 
“ guanine... 9,100 8,200 8,400 7,300 | 8,600 | 7,600 
DNA adenine*....| 11,600 | 14,900 | 15,000 21,500 16,200 | 23,900 
‘ guanine..... 6,800 | 8,600 6,600 8,200 7,400 | 9,700 





* During the course of incubation the amount of DNA increased 2.05 times in 
each flask; the amount of RNA increased 5.8 times. The specific activity of the 
material synthesized during the incubation period was calculated by the formula, 
(X—B/f)f/f — 1, where X is the specific activity of the total material, B is the spe- 
cific activity of this material in the starting bacteria (see Table I), and f is the fold 
increase of the material during the experiment. For example, the specific activity 
of the newly synthesized DNA adenine in Experiment la = (11,600 — 8100/2.05) 
X 2.05/1.05 = 14,900. 


In Table III the specific activity of the nucleic acid purines that had 
been formed during the 2 hour interval is calculated. It is seen that the 
specific activities of the two types of nucleic acid are only slightly different; 
i.e., DNA adenine versus RNA adenine, DNA guanine versus RNA guanine 
in each experiment. Therefore, it may be concluded that the acid-soluble 
label is introduced into the two types of nucleic acid in proportion to the 
rate of synthesis of that type of nucleic acid. 

The amount of adenine in Experiment 1c is enough to inhibit almost 
completely de novo synthesis (1). Thus in Experiment la the majority of 
nucleic acid purines came from the adenine of the medium, in Experiment 


4H. Richard Levy, unpublished experiment. The lag phase for H. coli B under 
these conditions is 2 hours. 
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1b from de novo synthesis, and in Experiment le from guanine of the 
medium. However, the incorporation of the acid-soluble label into the 
four nucleic acid fractions was essentially the same, no matter what the 
major source of purine was. (The 35 per cent decrease in nucleic acid 
adenine in Experiment la compared with Experiments 1b and le will be 
discussed in the next section.) This probably means that the acid-soluble 
AMP-5 and ADP are not on the major pathway of synthesis of nucleic acid 
and guanine either de novo or from medium purines, but enter nucleic acid 
metabolism through intermediates common to the three pathways of me- 
tabolism. That these intermediates are more closely concerned with the 
synthesis of nucleic acid adenine than with that of nucleic acid guanine is 


TaBie IV 
Incorporation of Bacterial Acid-Soluble Adenine into Phage DNA 

Aliquots of the bacteria described in Table II, infected in the cold with a multi- 
plicity of four Trt particles per bacterium, were added to mediums containing 
(Experiment 2a) adenine 4.3 X 10-4 m and to medium containing no purine supple- 
ment (Experiment 2b). The experimental flasks were aerated at 37° for 8 hours. 
Identical yields of virus were obtained in the two flasks. The single generation of 
phage was harvested and purified (by utilizing DNAase and RNAase) and samples 
of the ultracentrifugally pure phage were analyzed. The results are expressed in 
counts per minute per micromole. 


Phage 
Host bacteria arene Ta tee fe 
Experiment 2a, Experiment 2b, 
adenine supplement no supplement 
DN AvadenING 35455666 Le 1890 2060 8600 
“cc 


guanine............ 1020 3600 3300 


shown by the higher specific activity of adenine samples compared with 
guanine samples. It can be calculated that essentially all of the initial 
activity of the acid-soluble fraction is found in the nucleic acids after the 2 
hour incubation. 

Conversion of Acid-Soluble Adenine Compounds into Phage Nucleic Acid 
—The results of a typical experiment in which acid-soluble, labeled bacteria 
were infected with Tsrt+ and the progeny phage isolated and analyzed are 
listed in Table IV. In Experiment 2b, in which the phage growth occurred 
in a medium containing no purine, it is seen that the phage has a higher 
specific activity than does the host DNA. In previous experiments in 
which all purines of the host had the same concentration of isotope (2, 15), 
it was found that between 14 and 40 per cent of the viral nucleic acid had 
been derived from the host. Thus between 250 and 800 of the counts of 
phage adenine were derived from the host DNA adenine, and between 150 
and 400 counts of the phage guanine were derived from the host DNA 
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guanine. The remaining radioactivity (7800 to 8350 c.p.m. for adenine 
and 2900 to 3150 for guanine) must have come from the acid-soluble frac- 
tion of the host, which had an average activity of 202,000 c.p.m. Thus 
about 4 per cent of the adenine and 1.5 per cent of the guanine of the 
virus were derived from the adenine compounds present in the acid-soluble 
fraction of the host at the time of infection. 

This is the first demonstration that specific compounds in the low mole- 
cular fraction of the host cell are utilized for the synthesis of phage nucleic 
acid. It was originally suggested that the acid-soluble fraction of the 
bacteria supplied the host contribution of phosphorus (3), but subsequent 
work has shown that DNA is the main source of phage nucleic acid purines 
(2), phosphorus (16-19), and pyrimidine (20). The previous results from 
this laboratory (16-18) are of particular interest in connection with the 
present work. It was found that, if the specific activity of the acid-soluble 
fraction of P-labeled bacteria was decreased by incubation in unlabeled 
medium, the apparent transfer of isotope from host to virus was unim- 
paired. Thus, acid-soluble phosphorus is not a major precursor of viral 
phosphorus, even though there is an adequate amount of phosphorus in 
the bacterial acid-soluble fraction to account for all the phosphorus of the 
virus. Further, acid-soluble phosphorus is never in equilibrium with the 
nucleic acid phosphorus during the conversion of host DNA to phage DNA. 
In work with the unrelated strain T; almost the whole of the viral nucleic 
acid is found to be derived from the host (19). In this system it was shown 
that bacteria containing a 5 times larger specific activity of P® in the acid- 
soluble than in the nucleic acid fraction showed no increased transfer to 
T; phage compared to evenly labeled cells. It has been concluded that 
acid-soluble phosphorus is quantitatively of minor importance in the syn- 
thesis of the DNA of T; bacteriophage. However, none of these studies 
excludes a small utilization of host acid-soluble material. The results 
presented here show that if the specific activity of the acid-soluble fraction 
is several hundred times greater than that of the nucleic acids of the host, 
utilization of the acid-soluble fraction of the host is demonstrable. 

The specific activity of phage adenine is considerably higher than that 
of phage guanine in Experiment 2b, similar to the findings with uninfected 
bacteria in Experiment 1b. However, if the phage growth occurs in a 
medium containing adenine (Experiment 2a), a 4-fold diminution of the 
specific activity of the phage adenine occurs, without a significant change 
in the guanine. This effect is similar in kind to that observed for unin- 
fected bacteria, Experiment la, but of a much larger order of magnitude. 
Thus the presence of large amounts of adenine in the medium leads to the 
loss of adenine-soluble compounds from the cell, and this effect is enhanced 
by viral infection.® 


> Several other observations are of interest in this connection: (1) All of the ac- 
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SUMMARY 


The acid-soluble fraction of Escherichia coli contains two main purine 
compounds: AMP-5 and ADP. The AMP disappears in fermenting and 
starved bacteria, adenine and adenosine being formed. When bacteria are 
prepared by brief incubation in medium containing radioactive adenine, 
the acid-soluble components have a much higher specific activity than do 
the purines of the nucleic acids. 

With these labeled bacteria it was shown that the acid-soluble adenosine 
compounds are converted either to nucleic acid purines of growing cells or 
into the DNA of the phage progeny isolated from infected cells. It is 
concluded that specific compounds in the low molecular weight fraction of 
the cell are used for the synthesis of phage nucleic acid, although quantita- 
tively this is a negligible process when compared with the total host con- 
tribution or de novo synthesis. 


I am indebted to Dr. E. A. Evans, Jr., Dr. F. W. Putnam, Dr. Lloyd M. 
Kozloff, and Dr. H. 8. Anker for invaluable advice and judgment during 
the course of this investigation and preparation of the manuscript. 
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tivity of the acid-soluble labeled bacteria can be accounted for in the nucleic acids 
of the bacteria after the 2 hour incubation period in either medium devoid of purines 
or in the presence of guanine. Therefore, under these conditions the acid-soluble 
fraction of the final bacteria contains no activity, and none of the activity is liberated 
into the medium. In fact, the supernatant solution from such mediums contains less 
than 0.01 per cent of the activity of the labeled cells. (2) With infected cells the 
amount of isotope found in the progeny virus can account for only 30 per cent of the 
activity of acid-soluble fraction of the original bacteria in the absence of added pu- 
rines and much less in the presence of adenine. (3) On further investigation it was 
observed that lysates contain considerable amounts of non-viral purine materials. 
These materials are not sedimentable at high speeds and are not precipitable by acid. 
Acid hydrolysis yields free purines. Dr. Ken Burton (personal communication) 
has found that these substances are ribose compounds. Thus it is into these ma- 
terials that the acid-soluble purines of the host are converted, and apparently the 
extent of this process depends on the presence or absence of purines in the medium. 
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BIOSYNTHESIS OF PENICILLIN IN THE PRESENCE OF C"* 
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JOHN TOME,{ anv R. W. STONE 


(From the Departments of Bacteriology and Chemistry, Pennsylvania State College, 
State College, Pennsylvania) 


(Received for publication, January 26, 1953) 


In studies on a synthetic medium for penicillin fermentation, Stone and 
Farrell (1) found that acetic acid appeared to be necessary for satisfactory 
yields of penicillin. The addition of acids of higher molecular weight was 
not generally helpful and often inhibited penicillin production, a fact con- 
firmed by Soper et al. (2). The need for acetic acid in the synthetic 
medium suggested that it would be of interest to add radioactive acetate 
to the fermentation to determine possible incorporation in the antibiotic 
molecule. 

The application of isotope studies to the problems of penicillin biosyn- 
thesis was made by Behrens and coworkers (3), who tested deuterophenyl- 
acetyl-N'*-pL-valine for its ability to furnish a portion of the molecule. 
The penicillin formed contained the deuterium isotope, but the N'’ content 
was low. Radioactive penicillin containing S** has been produced by fer- 
mentation procedures (4). The structure of penicillin was determined by 
the efforts of many workers (5) and recent work by Sheehan et al. (6) in 
preparing a phenyl-substituted penicillin confirmed the 8-lactam-thiazoli- 
dine ring structure of the molecule. 

Before any information on the specific incorporation of organic acids 
could be evaluated, it was necessary to check the utilization of carbon 
dioxide by the mold. If the mold could readily incorporate carbon dioxide 
in the penicillin molecule, it would be difficult to determine whether radio- 
activity in the penicillin was due to the inclusion of the added compound 
or whether the compound had been metabolized to carbon dioxide and the 
carbon dioxide subsequently incorporated in the penicillin. The increasing 
evidence that formic acid is active in mold metabolism (7) and the inclusion 
of lactic acid in the synthetic medium of Higuchi et al. (8) suggested that 
these compounds might also be of interest. Solutions of carbonate-C™, 


* Authorized for publication on July 9, 1952, as paper No. 1743 in the Journal 
Series of the Pennsylvania Agricultural Experiment Station. Supported in part by 
research grants from the Abbott Laboratories, North Chicago, Eli Lilly and Com- 
pany, Indianapolis, Parke, Davis and Company, Detroit, and The Upjohn Com- 
pany, Kalamazoo. 

+ Present address, Heyden Chemical Corporation, Princeton, New Jersey. 

t Present address, General Electric Company, Pittsfield, Massachusetts. 
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formate-C™, acetate-1-C", acetate-2-C™“, and lactate-1-C' were added to 
penicillin fermentations, and the penicillin was isolated and assayed for 
radioactivity. 


EXPERIMENTAL 


The routine procedure consisted of growing the mold in the presence of 
the labeled compound, isolating the penicillin by using a carbon-solvent 
process, separating the types of penicillin by chromatography, purify- 
ing by counter-current distribution, and determining the activity by ra- 
dioassay. The mold was grown on the synthetic medium of Stone and 
Farrell (1): 20 gm. of lactose, 6 gm. of acetic acid, 5 gm. of glucose, 5 
gm. of NH,NOs;, 2 gm. of KH,PO,, 0.5 gm. of MgSO,-7H.0, 0.2 gm. of 
FeSO,-7H20, 0.02 gm. of ZnSO,-7H2O, 0.02 gm. of MnSO,-H.0, 0.005 
gm. of CuSO,:5H,0, 1 liter of H.O; pH adjusted to 6.2 with KOH. The 
formation of phenylmethylpenicillin, or penicillin G, was increased by the 
addition of 0.02 per cent N-(2-hydroxyethyl)phenylacetamide. Four 125 
ml. portions were placed in 1 liter, cotton-stoppered Erlenmeyer flasks, 
sterilized for 15 minutes at 15 pounds pressure, cooled, and inoculated with 
1 ml. of a spore suspension of a culture of Penicilliwm chrysogenum Q-176. 
3 drops of a sterile antifoam mixture of 2 per cent octadecanol in lard oil 
(Swift’s Mellocrust) were added to each flask at the time of inoculation, 
and daily after the 5th day. Flasks were incubated at 24-25° for 8 days 
on a reciprocal shaker with a stroke of 2.75 inches at 85 strokes per minute. 
Dilute solutions of the sodium salts of the labeled compounds were added 
to sets of five flasks so that the total radioactivity was about 100 ue. per 
flask. The carbonate was added after sterilization in increments during 
the course of fermentation to bring about more uniform conditions for 
utilization of C“O. by the mold. Sodium formate was added to five flasks 
before sterilization. Acetate was added in two equal increments, one after 
sterilization at the time of inoculation and the other 96 hours later. Lac- 
tate-1-C™ was synthesized from acetaldehyde and NaCN (9, 10), and the 
total amount of lactate added was the molar equivalent of half the acetate 
in the original medium. A total of 540 ue. of sodium lactate was divided 
among five flasks at the time of inoculation. The flasks on the shaking 
mechanism were contained in a hood with the effluent gases bubbling 
through three consecutive traps containing 30 per cent potassium hydrox- 
ide. Carbonate content of the traps before and after the fermentation 
was determined as barium carbonate. The final samples were radioas- 
sayed. 

Isolation and Purification of Penicillin—The penicillin was isolated by a 
carbon-solvent process based on the methods reported by Whitmore ez al. 
(11). The broth was harvested at 8 days and the penicillin adsorbed on 
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Darco G-60 carbon, followed by elution with 80 per cent (by volume) 
aqueous acetone. ‘The acetone was removed by film evaporation, and the 
penicillin was transferred to chloroform by adding chloroform and phos- 
phoric acid to the aqueous concentrate. Chromatographic separation was 
carried out on a buffered silica gel column, developed with cold water- 
saturated chloroform. Twenty to thirty samples of 50 ml. each were 
collected. Each sample was processed by shaking 2 ml. of the sample in 
10 ml. of 0.15 m potassium phosphate buffer at pH 7.0 for assay, and the 
remaining 48 ml. with 10 ml. of 0.5 m buffer, pH 7.0. The column was 
dried, extruded in five equal portions, and each portion extracted with 
buffer. Recoveries of penicillin through this stage were about 50 per cent. 

The penicillin content was determined by the cylinder-plate method (12) 
with Micrococcus pyogenes var. aureus ATCC 6538P as the test organism. 
Tests were also conducted against Bacillus subtilis, and the ratio of the two 
values (subtilis-aureus) was used as an indication of the type of penicillin 
(13). 

The counter-current distribution method of Craig et al. (14, 15) was 
used for separating the types of penicillin. Two or more column samples, 
containing at least 1000 units of penicillin which differential assay had 
shown to be of one type, were combined and further purified by this 
process. The phases used were chloroform and 1.0 mM potassium phosphate 
buffer, pH 5.3, with the apparatus kept chilled throughout to minimize 
penicillin decomposition. The penicillin was recovered in the chloroform 
layer. Each chloroform sample was checked for a relative amount of 
yellow color on a Fisher electrophotometer with filter No. 425B. 2 ml. of 
each sample were extracted with buffer for assay purposes, and the rest 
was transferred quantitatively to cupped nickel planchets, evaporated to 
dryness, and radioassayed. 

Radioassay—General radioassay techniques, as outlined by Calvin e¢ al. 
(16), were followed. The coincidence error was eliminated in all the sam- 
ples by use of a coincidence correction factor. The Craig apparatus dis- 
tribution samples were inactivation products of penicillin contained in 
cupped planchets, and no quantitative data were attempted. Since the 
weight of each sample was negligible, no correction was made for self-absorp- 
tion; all the samples were made comparable on geometry alone. Barium 
carbonate samples from the absorption of CO. from the fermentation were 
radioassayed quantitatively by comparison with a calibrated reference 
source. Geometry and self-absorption corrections were applied. 


Results 


The results from a representative chromatographic separation of the 
penicillins are given in Fig. 1. Thirty elution cuts and five column cuts 
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were taken, and gave fair separation of the three main types of penicillin, 
5 hae eae : pe 
Penicillin K or n-heptylpenicillin was eluted from the column first, and, ‘is 
although there was not a complete separation from penicillin F, the sub- * 
lilis-aureus ratios of 0.38 and 0.36 on Cuts 9 and 12 indicate that these 
fractions were fairly representative for penicillin K. The ratio of 0.86 for 
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preponderance of 2-pentenylpenicillin, or penicillin F, in this range. Phen- 
ylmethylpenicillin, or penicillin G, with the subtilis-aureus ratio of 1.0, was fo 
the last to be eluted, and most of it remained on the column to be re- as 
moved by extrusion (Cuts 31 to 34). ac 
Pigments were usually formed during the same stage of fermentation as ei] 
penicillin and also contained some radioactivity. The relative color in- }| 95 
tensity was recorded for the chromatographic column cuts, as indicated in gr 
Fig. 1, and it can be observed that pigmentation does not follow penicillin cil 
activity. sp 
The amount of carbonate incorporated in the three types of penicillin | jp 
was checked with column Cuts 9 to 12 for penicillin K, Cuts 17 to 18 for | yg, 
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penicillin F, and Cuts 33 to 34 for penicillin G. The combinations were 
subjected to counter-current distribution and each sample assayed for pen- 
icillin activity, radioactivity, and color. A typical result with penicillin 
G is shown in Fig. 2. The penicillin content shows a sharp peak with a 
subtilis-aureus ratio of 0.88. A small peak of radioactivity corresponds to 
the penicillin activity but is so low in terms of count that no significant 
amount of radioactivity can be assigned to the penicillin molecule from 
this source. Similar results were obtained with samples from penicillins 
Kand F. No pigmentation was detected on any distribution sample. 
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Fria. 2. Incorporation of NagCQ; in penicillin G 


The analysis of carbonate in the potassium hydroxide trap showed that 
85 per cent of the added radioactivity could be accounted for as carbon 
dioxide evolved from fermentation. 

Five separate fermentations were processed for acetate-1-C and three 
for acetate-2-C“. In each case the three types of penicillin were analyzed 
as before. Fig. 3 shows a typical plot for the incorporation of C from 
acetate-1-C™ into penicillin G. Radioactivity follows the level of peni- 
cillin activity, even correlating with the irregular hump shown on sample 
25. The amount incorporated as expressed by 200 ¢.p.m. above back- 
ground can be compared with only 15 ¢.p.m. for the same amount of peni- 
cillin produced in the presence of radioactive carbonate. Similar corre- 
spondence of antibiotic activity with higher incorporation of C™ is shown 
in Fig. 4, where acetate-2-C™ was used. Good agreement of penicillin and 
radioactivity was also obtained with addition of formate-C™ and lactate-1- 
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C", although the latter gave less total incorporation of C“. The equiva- of 1 


lence also extended to penicillins F and K, as shown in Figs. 5 and 6. tior 
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Fig. 3. Incorporation of acetate-1-C" in penicillin G 
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The incorporation of acetate-2-C™ into penicillin F is illustrated in Fig. 5. | °° 
It can be noted that a small peak for penicillin K was carried over from this 
the chromatographic separation and likewise correlates with radioactivity. | ™° 

A curious finding with penicillin K in most of the runs was the high peak actin 
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of radioactivity apparent around Tube 20 of the counter-current distribu- 
tion (Fig. 6). This peak was observed with all the C“ compounds added 
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Fig. 6. Incorporation of acetate-1-C" in penicillin K and in an unknown compound 


except carbonate, but the greatest amount of radioactivity was found in 
this region with formate. Since penicillin K is easily decomposed, experi- 
ments were designed to determine whether or not this additional radio- 
active peak was due to a degradation product of penicillin K. A fermenta- 
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tion to which formate-C™“ was added was chromatographed and penicillin 
K secured. Half of the penicillin K was processed in the usual manner, 
while the other half was held at 37° to permit some destruction. The 
second fraction was then processed and assayed. Although the antibiotic 
activity of the penicillin K had decreased 75 per cent during incubation, 
the radioactivity in the range of Tube 20 was the same as in the first 
processing, indicating that the extra radioactive peak was not increased by 
the degradation of penicillin K. 

A summary of the radioactivity found in the penicillins with each com- 
pound, as well as an average of the amount of C“O, evolved during the 
fermentations, is given in Table I. The amounts of C' added are com- 


TABLE [ 


Comparison of Relative Activities of Penicillins 


The values are given as the average counts per minute per micromole of peni- 
cillin (corrected for background). 





| Z 6 
Penicillin fraction NazC4O; | HC4OONa 2 2 os 
os) 2 DZ, 
= = ce 

o S O 

K 7 2020 748 932 

F 12 775 643 555 116 
G 4 3820 184 291 122 
Trap recoveries (% radioactivity 85 8 6 28 16 


recovered as CO.) 


parable in each case. In the experiments with carbonate, 85 per cent of the 
added radioactivity was recovered in the traps. With acetate-1-C" the 
trap recovery was 28 per cent, but with acetate-2-C" and formate the 
amount recovered in the traps was only 6 and 8 per cent respectively. 
The amount of C“O, evolved from the formate corresponds closely to that 
found for acetate-2-C™ and indicates that the labeled carbon was largely 
fixed in the mycelia or other non-volatile components. 

The results for the amount of C™ found in the penicillins are not neces- 
sarily quantitative; however, under the conditions of this work the peni- 
cillin found to be highest in radioactivity was obtained from fermentations 
to which formate-C™ was added. With the exception of experiments on 
lactate-1-C™ which gave the lowest activity, most of the penicillins isolated 
contained from 1 to 2 per cent of the total C“ added and represented from 
0.5 to 0.8 per cent of the total carbon present. 
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The activity observed in the penicillins when formate and acetate were 
added led to experiments to investigate whether or not formic and acetic 
acids were formed normally during the course of the fermentation. In 
separate experiments, acetate-1-C and formate-C“ were added to five 
flasks at the level of 50 ue. per flask. Aliquots of the medium were re- 
moved at 0, 1, 2, 3, 4, and 8 days and the volatile acids determined by 


' steam distillation. Equivalent amounts of the distillate, calculated as ace- 


tic acid, were neutralized, evaporated to dryness in planchets, and radio- 
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Fic. 7. Isotope and dilution during penicillin fermentation with acetate-1-C! 
and formate-C!. 


assayed. The results are shown in Fig. 7, the left portion of the graph 
showing the dilution of acetic acid between the 2nd and 4th days of fer- 
mentation. Since equivalent amounts of acid were taken for radioactivity 
checks, each sample would have the same amount of radioactivity if the 
acetic acid was diluted with some volatile acid, presumably acetic. This 
dilution occurred at the same time interval in which the volatile acid was 
most rapidly used. 

The results for the experiment with formate are shown in the right half 
of Fig. 7. The decrease in total volatile acids followed the same pattern 
as with acetate, but the radioassay indicated that formate was not prefer- 
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entially utilized during the first part of the fermentation, and the increase 
in radioactivity for equivalent amounts of volatile acid is evidence that 
formic acid was not being appreciably diluted. In addition to the deter- 
mination of volatile acids and radioactivity, aliquots of the steam distillate 
were treated to remove the formate (17) and the residue was evaporated to 
dryness and radioassayed. The acid remaining after the formate was re- 
moved contained no radioactivity, showing that there was no exchange of 
radioactivity between formic and acetic acids. 


DISCUSSION 


The chromatographic separation of the types of penicillin was sufficiently 
sharp so that the cuts processed by counter-current distribution for each of 
the three penicillins were quite uniform. The activity that might be pres- 
ent in any pigment presumably did not interfere with the radioactivity of 
the penicillin determinations since no pigment was detected in the counter- 
current distribution samples that were radioassayed. 

The amount of radioactivity detected with carbonate-C“ was only 
slightly over the background of 22 to 27 ¢.p.m., and under the conditions 
of the experiment it was considered that any result should be at least 
twice the background to be significant. Quantitative comparison of the 
data was not attempted, but for none of the three penicillins were the 
counts high enough to assume that CO: would obscure results if C™ from 
other sources were incorporated into the penicillin molecule to any extent. 
Although it is quite possible that carbon dioxide formed during metabolism 
at the site of enzyme action would be more readily available for further 
metabolic synthesis than carbonate added to the medium, the difference in 
magnitude of counts is evidence that CO. was not being incorporated 
directly into the penicillin molecule. 

All of the C-labeled organic compounds that were added to the penicillin 
fermentation showed a significant incorporation in the penicillin molecule 
when compared to the small amount of radioactivity found with C™O». 
Formate gave the most activity in terms of C™ per unit of penicillin, but 
since isotope dilution experiments indicated that this compound was not 
formed in the medium during the normal course of fermentation, it is too 
early to assign significance to formate as a metabolite in penicillin forma- 
tion. A negative result in a dilution experiment does not rule out the 
possibility that intracellular formate might behave differently. However, 
since the formate ion is small and highly active, it should quickly establish 
equilibrium with formate present inside the cell, giving some justification 
for assessing the negative results on isotope dilution at face value. If this 
interpretation is correct, then the relatively high C“ content of penicillins 
found when formate-C" is added is probably due to an exchange reaction 
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with the penicillin molecule or some precursor rather than to formate 
functioning as a primary metabolite. No evidence of any exchange of 
formate was found with acetate or the volatile acid fraction. 

Lactate-1-C™ gave the least incorporation of any compound tried. This 
result may have been due to the likelihood of the carboxyl carbon being 
removed before the non-radioactive 2-carbon residue was involved in fur- 
ther synthesis. It is noteworthy that, if the carboxyl carbon of the lactate 
ion was subject to decarboxylation, only 16 per cent of the carbon repre- 
sented was recovered in the trap compared to 85 per cent found when 
C“O. was added in daily increments. It may be reasoned that CO. formed 
during cellular metabolism is more readily available for assimilation than 
CO: added to the medium as carbonate. If the decarboxylation of lactate 
did occur, there would be further evidence that carbonate was not in- 
corporated directly into the penicillin molecule since the carboxyl carbon 
of lactate gave less activity than either of the acetate carbons. 

Both types of C-labeled acetate resulted in a comparable amount of 
C" appearing in the penicillin molecules. More CQ, was collected in the 
exhaust traps from acetate-1-C" than from acetate-2-C", indicating a tend- 
ency of the metabolic system to convert more of the carboxyl than methyl 
carbon to COz. The fact that the isotope dilution experiments showed a 
rapid dilution of acetate between the 2nd and 3rd days of fermentation, at 
a time when the sugar is subject to rapid dissimilation, is of signal impor- 
tance. This finding lends evidence to the familiar hypothesis (7) that 
acetic acid may be formed by molds of the Penicillium genus from sugar 
prior to the synthesis of other more complex products such as citric or 
fumaric acid. There are not sufficient data to prove that all of the sugar 
oxidized in these experiments was metabolized via acetic acid but the 
rapidity of the dilution leaves room for this possibility. The demonstra- 
tion of carbon from acetate appearing in the penicillin molecule, coupled 
with its beneficial effect in initiating growth of the mold and stimulating 
penicillin formation in synthetic media (1), makes plausible the suggestion 
that the metabolic pathways of acetate may provide the starting point for 
penicillin biosynthesis. 


SUMMARY 


Penicillin fermentations were carried out in shake flasks in the presence 
of carbonate-C™, formate-C™, lactate-1-C", acetate-1-C™, and acetate-2-C™. 
The penicillins were isolated and radioassayed. No significant amount of 
radioactivity was detected in any of the penicillins from carbonate. The 
high correlation between antibiotic activity and radioactivity for penicillins 
F, G, and K indicated that C™ was incorporated from formate, both types 
of acetate, and to a lesser degree from lactate. An additional peak of 
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radioactivity was observed to accompany penicillin K that did not parallel 
any biological activity, nor was it related to penicillin K as a degradation 
product. 

Isotope dilution experiments with acetate and formate indicated that 
considerable acetic acid was formed and utilized during the early stages of (F 
the fermentation. Formic acid was utilized in the latter stages of the 
fermentation but there was no evidence of dilution of formate during the 
breakdown of sugar nor of carbon exchange with acetic acid. 
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DEGRADATION OF RADIOACTIVE PENICILLIN G* 


By JOHN TOME,}{ H. D. ZOOK, R. B. WAGNER, } ano R. W. STONE 


(From the Departments of Bacteriology and Chemistry, Pennsylvania State College, 
State College, Pennsylvania) 


(Received for publication, January 26, 1953) 


Incorporation of carbon from formate, acetate, and lactate into the 
penicillin molecule has been established by a means of C tracer experi- 
ments (1). The localization of the carbon from these compounds within 
the molecule then becomes important in the problem of penicillin biosyn- 
thesis. Acetate is of special interest because it appears to be formed from 
sugar during the normal fermentation process. 

A scheme for the degradation of penicillin into identifiable fragments is 
necessary so that the C can be attributed to a single atom or to a group 
of atoms. Various methods of degradation (2) have been used in the 
structure proof of penicillin, but none of these yields all the fragments from 
a single sample. A procedure by which only one small sample can be used 
is especially advantageous in a biological system in which isotope dilution 
is great. Such a unified procedure has been devised and applied to the 
degradation of C*-phenylmethylpenicillin produced in fermentations con- 
taining either methyl- or carboxyl-labeled acetate. The relative amounts 
and positions of C incorporated in the penicillin have been determined. 


EXPERIMENTAL 


Fermentation and isolation of the penicillin used in these experiments 
follow the procedure given in the preceding paper. The level of radio- 
activity was increased, however, to 200 uc. per flask to give a total of 1 
me. of C' for each experiment. Samples of C'!-phenylmethylpenicillin 
were taken from those chromatographic fractions in the isolation process 
which gave the requisite differential assay. 

Sample Preparation—The penicillin was concentrated by means of trans- 
fer between potassium phosphate buffer and chloroform until the chloro- 
form sample volume was 10 ml. Ina carbon dioxide-free atmosphere the 
enriched chloroform solution was extracted with two consecutive 2 ml. 


* Authorized for publication on July 9, 1952, as paper No. 1745 in the Journal 
Series of the Pennsylvania Agricultural Experiment Station. Supported in part 
by the research grants from the Abbott Laboratories, North Chicago, Eli Lilly and 
Company, Indianapolis, Parke, Davis and Company, Detroit, and The Upjohn Com- 
pany, Kalamazoo. 

+ Present address, General Electric Company, Pittsfield, Massachusetts. 

t Present address, Hercules Powder Company, Wilmington, Delaware. 
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portions of 0.10 n sodium hydroxide. At this point a weighed amount of 
non-radioactive penicillin was added to act as a carrier, with care given so 
that the dilution of radioactivity was not excessive. 

Hydrolysis of Phenylmethylpenicillin to Phenylmethylpenicilloic Acid—The 
apparatus for this and the next operation consisted of a flask equipped 
with a submerged nitrogen inlet, a closed reservoir for the addition of 
sulfuric acid, a bulb condenser, and a steam jacket for heating. The bulb 
condenser was connected’ to a spiral absorption trap containing 10 ml. of 
0.5 m sodium hydroxide solution for the collection of evolved carbon diox- 
ide. This system was flushed with nitrogen prior to operation. All the 
reagents were checked for carbon dioxide by a blank determination. 

The 4 ml. of 0.1 N sodium hydroxide containing the penicillin sample 
were washed into the hydrolysis flask with the aid of 1 ml. of 0.1 N sodium 
hydroxide and the system was closed. The sample was allowed to stand 
at room temperature for 30 minutes, at which time the hydrolysis was 
complete, as shown by previous rate studies. 

Decarboxylation of Phenylmethylpenicilloic Acid to Phenylmethylpenilloic 
Acid—A 3.0 ml. portion of 0.43 m sulfuric acid was added to the hydrolysis 
mixture and the solution heated to a reflux. As soon as the reflux became 
constant, the evolved gases were swept into the carbon dioxide absorber by 
a stream of nitrogen (1 ml. per minute). Heating and sweeping were con- 
tinued for 30 minutes to complete the decarboxylation. The absorber 
solution was drained into a nitrogen-filled Erlenmeyer flask and the car- 
bonate precipitated as barium carbonate. 

Precipitation of Mercury Salt of Penicillamine from Phenylmethylpenilloic 
Acid—The hot hydrolysis mixture was pipetted into a 30 ml. beaker, the 
chamber rinsed with 2 ml. of water, and the rinse added to the original 
solution. When the mixture had cooled to room temperature, the pH was 
adjusted to 6.0 with 4 m sodium hydroxide. A 6.0 ml. portion of 1 
mercuric chloride was added and the mixture was allowed to stand for 30 
minutes, during which time the white mercury salt of penicillamine pre- 
cipitated. The mercury salt was filtered and kept moist. 

Preparation of 2 ,4-Dinitrophenylhydrazone of Phenylmethylpenilloaldehyde 
—The filtrate from the mercury salt precipitation was saturated with 
hydrogen sulfide and allowed to stand for 3 minutes to precipitate the excess 
mercuric ion. The mercuric sulfide was filtered on a filter-aid. The fil- 
trate was treated with 5 ml. of freshly prepared 2 ,4-dinitrophenylhydrazine 
reagent (3) and allowed to stand for 10 to 25 minutes. The yellow hydra- 
zone precipitate was filtered and recrystallized from absolute ethanol. 

Preparation of Phenyl Isocyanate Derivative of Penictllamine—The moist 
mercury salt of penicillamine was suspended in 10 to 15 ml. of water, then 
saturated with hydrogen sulfide and allowed to stand for 16 hours. The 
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precipitated mercuric sulfide was filtered as before and the filtrate evapo- 
rated to dryness under a vacuum at room temperature. The solid residue 
from the filtrate was dissolved in 3 ml. of 0.1 m sodium bicarbonate solu- 
tion and treated with 0.1 ml. of phenyl isocyanate. This mixture was 
shaken for 5 minutes, then allowed to stand for 1 hour. The precipitate 
which formed was removed and discarded. When the filtrate was acidified 
with concentrated hydrochloric acid, the penicillamine derivative precipi- 
tated. Purification of the derivative was carried out by recrystallization 
from very dilute aqueous ethanol. 

Hydrolysis of 2,4-Dinitrophenylhydrazone of Phenylmethylpenilloaldehyde 
to Phenylacetic Acid—A 10 to 30 mg. sample of the hydrazone was dis- 
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Fia. 1. Degradation of Z penicillin molecule 


TABLE I 
Percentage of Radioactivity per Fragment of Penicillin G 
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solved in 2 ml. of glacial acetic acid and 10 ml. of concentrated hydrochloric 
acid. This solution was refluxed gently for 3 hours with the addition of 
1 ml. of concentrated hydrochloric acid every half-hour. The solution was 
cooled, filtered, and diluted with 100 ml. of water. The acid fraction was 
extracted from the solution with two 100 ml. portions of ether, then ex- 
tracted from the combined ether solution with three consecutive 20 ml. 
portions of 1 N potassium hydroxide solution. The alkaline extract was 
acidified with concentrated hydrochloric acid, then extracted with ether. 
The ether was dried and evaporated to leave a residue. This residue was 
sublimed at 1 mm. pressure at room temperature to yield phenylacetic 
acid. 

Radioassay—For ease of comparison, all the samples for radioassay were 
converted to barium carbonate. The derivatives from the degradation 
were converted by wet oxidation to carbon dioxide by a procedure and 
apparatus suggested by Barker (4). The carbon dioxide was absorbed in 
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an alkaline solution and precipitated as barium carbonate by the method 
of Calvin et al. (4). Radioassay was carried out with a thin window 
Geiger-Miiller counter by techniques described by Calvin et al. ((4) p. 85). 


Results 


Radioactive phenylmethylpenicillin from fermentations containing so- 
dium acetate-1-C" and sodium acetate-2-C" has been isolated and degraded 
into four fragments, as indicated in Fig. 1. Each of these fragments was 
isolated as a chemical derivative and assayed for C*. 


The per cent of the total radioactivity found in each fragment is recorded 
in Table I. 


DISCUSSION 


The relative position of the radiocarbon in the phenylmethylpenicillin 
is of importance since any variance between the two tracer fermentations 
will reflect preference of incorporation of the 2 carbon atoms of acetic acid. 

Fragment I, the precursor moiety, contained no radioactivity in either 
case. This was to be expected since a penicillin G precursor, N-(2-hy- 
droxyethyl)phenylacetamide, was added to the fermentation mediums. 

Fragments II and IV, the carbon atoms of the 6-lactam ring, show a 
significant difference in the two acetate experiments. Fragment IV had 
proportionately greater radioactivity when carboxyl-labeled acetate was 
used than when methyl-labeled acetate was used. Both carbon atoms in 
Fragment II occur as methine groups. This fragment contained a higher 
proportion of carbon-14 in the methyl-labeled acetate experiment, just the 
reverse of Fragment IV. The radioactivity may be in either or both of the 
2 carbon atoms of this 2-carbon fragment, and experimental evidence has 
not been obtained to localize the activity. 

It is possible from these data to propose that 1 molecule of acetic acid 
is incorporated into the penicillin in the position C'—-C?, even though the 
exact position of the radioactivity in the 2-carbon portion (II) has not 
been determined. The fact that the distribution of radioactivity between 
these two fragments is reversed in almost the exact numerical amount in 
the two experiments helps to substantiate this idea. The C-1 carbon 
appears to originate from the carboxyl and the C-2 carbon from the methy! 
group of acetic acid. 

The relative amount of radioactivity found in Fragments II and IV is 
nearly equal to that found in Fragment III in both experiments. If 1 
molecule of acetic acid is incorporated in the B-lactam structure, then the 
equivalent radioactivity of 1 molecule must also be found in the penicil- 
lamine portion. Since the exact position of the radioactivity in the peni- 
cillamine portion has not been determined, it is not possible to conclude 
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that 1 acetic acid molecule has been incorporated as a 2-carbon fragment, 
although this is the simplest explanation. 


SUMMARY 


A method of degrading a small sample of any acidic penicillin into four 
identifiable fragments in a continuous operation has been devised. 

The method has been applied to phenylmethylpenicillin isolated from 
fermentations containing sodium acetate-1-C™“ and sodium acetate-2-C™. 

Radioactive carbon was incorporated in the penicillin and was localized 
in the B-lactam-thiazolidine portion of the molecule. 

The equivalent radioactivity of 1 molecule of acetic acid was incorporated 
in the penicillamine fragment and 1 molecule in the 3-carbon portion of the 
s-lactam ring. In the latter 3-carbon fragment, the carbonyl originates 
from the carboxyl of acetic acid, and the methine group attached to the 
carbonyl appears to arise from the methyl group of acetic acid. 
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ROLE OF ADENOSINETRIPHOSPHATE IN THE ENZYMATIC 
SYNTHESIS OF PHENYL SULFATE* 


By R. H. DE MEIO, MARTHA WIZERKANIUK, anp EMMA FABIANI 


(From the Department of Biochemistry, Jefferson Medical College, 
Philadelphia, Pennsylvania) 


(Received for publication, November 28, 1952) 


Our previous finding (3) that 2 X 10-4 m 2,4-dinitrophenol inhibited 
phenol conjugation indicated that this process probably involves phos- 
phorylation. Methylol gramicidin at a concentration of 3 X 10-° m (used 
as indicated by Cross et al. (4)) and 0.01 m azide produced an inhibition of 
97 to 99 per cent, further suggesting the participation of phosphorylating 
mechanisms in the formation of pheny] sulfate. 

We have reported previously (3) that by centrifugation of the liver 
homogenate at 600 X g two fractions were obtained which were individually 
inactive in the formation of phenyl sulfate, activity being restored when 
they were recombined. Further fractionation confirmed our tentative as- 
sumption that the mitochondria, present in the sediment, are responsible 
for its activity. When the mitochondrium-free supernatant solution, which 
is not active by itself, is centrifuged at 100,000 X g, thus eliminating most 
of the microsome fraction, the supernatant fluid is found to be active in the 
absence of mitochondria. Further, the microsome fraction was found to 
have an inhibitory effect on the formation of phenyl sulfate by the ‘‘micro- 
some-free” supernatant solution. The requirements of this soluble enzyme 
system have been narrowed down to the simple addition of adenosinetri- 
phosphate (ATP), confirming our earlier assumption (3) that phosphoryla- 
tion is involved in the formation of phenyl sulfate. The réle of the mito- 
chondria, in the presence of an oxidizable substrate and catalytic amounts 
of adenosinemonophosphate (AMP) or ATP, obviously consists in the 
generation of ATP for the conjugation reaction. Other properties of the 
system will be described in this communication. 


Methods 


Liver was obtained from male albino rats (Albino Farms, Red Bank, 
New Jersey) immediately after killing them by a blow on the head and 
sectioning the neck to allow free bleeding. A 10 per cent homogenate was 


* This work was supported in part by contract NONR 229(OO) with the Office of 
Naval Research. Presented in part at the meeting of the Federation of American 
Societies for Experimental Biology, New York, April 14-18, 1952 (1) and at the 
Second International Congress of Biochemistry, Paris (France), July 21-27, 1952 (2). 
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prepared with a Potter-Elvehjem type tissue homogenizer. The composi- 
tion of the medium used for the preparation of the homogenate and for 
incubation was as follows: 78 ml. of 0.154 m KCl, 2 ml. of 0.154 m MgSQ,, 
20 ml. of 0.1 m sodium phosphate buffer, pH 6.6 or 7. 

The technique of fractionation of the homogenate will be described below. 
At the end of incubation phenol was determined by the method previously 
described (3). Proteins were determined by an adaptation! of the biuret 
method of Gornall et al. (5). 


Fractionation of Liver 


Separation and Properties of Mitochondria and Microsome Fraction—The 
mitochondria were obtained from a homogenate prepared in 0.25 m sucrose 
according to the recommendations of Hogeboom e¢ al. (6). A 20 per cent 
homogenate in 0.25 m sucrose was centrifuged at 600 X g for 5 minutes; 
the sediment was resuspended in half of the original volume of 0.25 u 
sucrose and centrifuged again at 600 X g for 5 minutes. The supernatant 
fluids from both centrifugations were mixed and centrifuged at 600 X g 
for 5 minutes. The sediments from the second and third centrifugations 
were discarded and the supernatant solution was centrifuged at 8000 x g 
for 10 minutes. The sediment, composed of mitochondria, was used for 
experiment and the supernatant solution discarded. 

The mitochondrium-free fluid was obtained from a 20 per cent homog- 
enate prepared in the salt medium described above. The homogenate was 
first centrifuged for 10 minutes at 1500 X g and then for 10 minutes at 
8000 X g, and the supernatant fluid used for the experiments. To obtain 
the ‘‘microsome-free”’ solution, the mitochondrium-free fluid was centri- 
fuged at 100,000 X g for 1 hour; the sediment from this centrifugation is 
the “‘microsome”’ fraction. 

Preliminary results (3) indicated that the mitochondria and the mito- 
chondrium-free fluid were individually inactive, activity being restored 
when the two fractions were recombined. Results obtained in a typical ex- 
periment of this nature are presented in Table I. The mitochondria were 
used at a level corresponding to 28.7 mg. of protein per vessel and the 
mitochondrium-free fluid at a level of 50.9 mg. of protein per vessel. While 
the activity of the mitochondria decreased considerably after standing for 
24 hours at 0-5°, that of the mitochondrium-free fluid did not change 
appreciably. 

Typical results obtained with the ‘‘microsome-free” solution alone or in 
combination with other fractions are illustrated in Fig. 1. The combina- 
tion of mitochondria and ‘“‘microsome-free”’ solution shows greater activity 
than the mitochondria plus mitochondrium-free fluid. This is due to the 


1R. J. Rutman, personal communication. 
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inhibiting effect of the microsome fraction which, as shown in Fig. 1, de- 
creases the activity of the combined mitochondria and ‘“microsome-free”’ 
solution. The inhibition produced by the microsomes disappears if this 


TaBLeE I 
Conjugation of Phenol by Rat Liver Fractions 
Medium, 0.12 m KCI, 0.003 m MgSOu,, 0.02 m sodium phosphate buffer, pH 7, 0.001 
mu AMP, 0.01 m sodium succinate, phenol 2 um. Temperature, 37.5°; incubation for 
1 hour; total volume, 4 ml. 








Preparation Bound phenol 
7 
Fortified: 107 NOMORONALE. . os)... 2. ce ea ee ats aslo 75 
ne HHCOCHONGTION 03530218. UII Sie Shacas 2 tows 9 
ae mitochondrium-free fluid.......................04. ; 5.4 
mitochondria + mitochondrium-free fluid............ 82 


PHENYLSULFATE (AS PHENOL) IN yg 
° 20 40 60 80 100 120 140 160 











MITOCHONDRIA + | 
MITOCHONDRIUM- FREE SUPERNAT. 
MITOCHONDRIA+ MICROSOME-FREE SUPERNAT. | 





MITOCHONDRIA +FRESH MICROSOMES 
+ MICROSOME-FREE SUPERNAT. 
MITOCHONDRIA + BOILED MICROSOMES+ 
MICROSOME-FR 













MITOCHONDRIA + MICROSOME-FREE SUPERNAT. | 
MICROSOME-FREE SUPERNAT. 

MICROSOME-FREE SUPERNAT. + MICROSOMES 

MITOCHONDRIUM-FREE SUPERNAT. 











Fig. 1. Inhibition of the synthesis of phenyl sulfate by the microsome fraction of 
rat liver. Medium, 0.12 m KCl, 0.003 m MgSO,, 0.02 m sodium phosphate buffer, 
pH 6.6, 0.001 a ATP, 0.01 m Na succinate, 1 X 10-5 Mm cytochrome c, phenol 2 um. 
Temperature, 37.5°; gas phase, O2; mitochondria, 9 to 15 mg. of protein; microsome- 
free solution, 26 to 32 mg. of protein, and microsomes, 10 to 13 mg. of protein per 
vessel. Incubation for 1 hour; total volume, 3 ml. per vessel. 


fraction is boiled, indicating that the thermolabile factor involved is prob- 
ably enzymatic. This inhibition may be related to the well known ATPase 
activity of the microsome fraction. It will also be seen (Fig. 1) that the 
“microsome-free” solution is active by itself, 7.e. in the absence of mito- 
chondria, but the activity is greater when the mitochondria are present. 
Tested with the “microsome-free” solution, the inhibiting effect of the 
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microsome fraction is even greater than that observed when mitochondria 
are present. As would be expected, the amount of phenyl sulfate formed 
in the presence of ‘‘microsome-free’”’ solution plus microsomes is about the 
same as with the mitrochondrium-free fluid. These observations explain 
the apparent lack of activity of the latter fraction. The activity of the 
“microsome-free” solution varies from preparation to preparation and this 
variation is related to the ATPase activity. We have tested this activity 
by the technique of DuBois and Potter (7) and have found that a high 
ATPase activity was accompanied by a low synthesis of phenyl sulfate, 
and vice versa. The phenol sulfatase activity of this solution and of the 
microsome fraction is very low. The activity of the “microsome-free” 
solution is not lost by repeated freezing and thawing, and a lyophilized 
preparation, kept at —20° for 6 months, showed only slight decrease in 
activity. 

Fractionation of the mitochondrium-free and ‘“microsome-free”’ trace 
tions with alcohol was unsuccessful. 

Acetone Powder—The acetone powder prepared from rat liver showed 
very low activity. The addition of this type of preparation to the mito- 
chondria plus mitochondrium-free fluid produced a variable degree of in- 
hibition of synthesis of phenyl sulfate. 


Requirements of System 


Fortification of the homogenate with AMP and an oxidizable substrate 
has been shown to be indispensable for the activity of such a preparation 
(3). If addition of AMP and an oxidizable substrate is required, one may 
assume that ATP? is formed and utilized in the synthesis of pheny! sulfate. 
With 0.003 m ATP in place of AMP and the oxidizable substrate, employing 
either liver homogenate, mitochondrium-free supernatant fluid, or acetone 
powder under aerobic or anaerobic conditions, we have never been able to 
obtain more than 10 per cent conjugation. This observation does not rule 
out participation of ATP in the process, because Cohen and McGilvery 
(8), among others, have made similar observations in analogous processes. 
Moreover, the “‘microsome-free” supernatant solution is active with ATP. 
As may be seen in Table IT, this fraction shows a higher activity with ATP 
than with AMP, and succinate and cytochrome are not required. After 
24 hours of dialysis against the medium (containing only KCl, MgSOu,, and 
phosphate buffer) the activity was very low; it increased slightly on addi- 
tion of 0.001 m AMP and was restored to the original value by 0.001 m 
ATP. Thus, there is no doubt that the ‘‘microsome-free” solution forms 
phenyl] sulfate in the absence of other fractions and that ATP participates 


2 Disodium ATP from the Pabst Laboratories, Milwaukee, Wisconsin, was used 
in all the experiments. 
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TaBLeE II 


Effect of Dialysis and Fortification on Formation of Phenyl Sulfate by Rat Liver 
“‘Microsome-Free’’ Solution 
Medium, 0.12 m KCI, 0.003 m MgSO,, 0.02 m sodium phosphate buffer, pH 6.6, 
phenol 2 wm. Temperature, 37.5°; gas phase, O2; incubation for 1 hour; 3 ml. of 
preparation per vessel. 





Experi- | Phenyl sulfate |G); : 
ment | Treatment erent | peters i 
|- re | 
te | 
1 | Fortified with 0.01 m succinate + 0.001 m ATP + 
| 10-5 m cytochrome c ‘ 80 | 3.1 
| Fortified with 0.01 m succinate + 0.001 m AMP + 
| 10-5 Mm cytochrome c 40.6 1.6 
2 | Fortified with 0.01 m succinate + 0.001 m ATP + | 
| 10-5 m cytochrome c 81 | 3.6 
| No succinate 78 3.5 
| ‘* eytochrome 81 3.6 
| ** succinate and no cytochrome 83 3.7 
3 | Fortified with 0.001 m ATPT 58.6 2.6 
| 24 hrs. dialysis, no fortification 0.7 | 0.03 
| 24 < « fortified with 0.001 m AMP 5.7 0.26 
ie 7 . “ 0.001 “« ATP 56.8 | 2.57 


1 ' | 

* Micrograms of phenol conjugated per mg. of protein in 1 hour. 

+ Supernatant solution from 20 per cent alcohol treatment of ‘‘microsome-free” 
solution. 


TaBLeE III 


Effect of Oxygen Tension on Synthesis of Phenyl Sulfate by Rat Liver Fractions 

Medium, 0.12 m KCl, 0.003 m MgSOQ,, 0.02 m sodium phosphate buffer, pH 6.6, 
phenol 2 um. Fortified with 0.001 m AMP, 0.01 m Na succinate for Experiments 1 
and 2 and with 0.001 m ATP for Experiment 3. Temperature, 37.5°; incubation for 
1 hour; 3 ml. of preparation per vessel. 


é | | Phenyl ae f 
a gaan Liver preparation | Gas phase —_ er erg 
| (as phenol) 
| gia 
| om 
1 Mitochondria + mitochondrium-free fluid | Oz | 365 | 26 
| Air | 18 0.24 
2 “ + ‘microsome-free’’ solu- O» | 156 4.2 
tion Air | 153 4.1 
3 ‘‘Microsome-free”’ solution = | = 2.45 
a 2.2 
| N: | 80 2.4 





* Micrograms of phenol conjugated per mg. of protein in 1 hour. 
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in the process. Dialysis against a medium deprived of Mg** (containing 
only KCl and phosphate buffer) permitted the demonstration of the re- 
quirement for this ion. 

Conjugation of phenol required oxygen as a gas phase when homogenate 
or the fractions obtained by low speed centrifugation were used (3). We 
have tested for this requirement the other liver fractions obtained by high 
speed centrifugation, with the results presented in Table III. It can be 
seen that when mitochondria are present, in the absence of microsomes, the 
system works as well in air as in oxygen, and it shows the same degree of 
activity in Os, air, or Ne, when mitochondria are absent. 

The replacement of phosphate buffer by tris(hydroxymethy])aminometh- 
ane or glycylglycine results in a decrease in activity. 


DISCUSSION 


With the new knowledge gained from the studies reported in this paper 
it has been possible to clarify and understand the behavior of certain of 
the fractions. The low activity of the liver acetone powder and the in- 
hibition exerted by this fraction on the conjugation by mitochondria plus 
mitochondrium-free fluid are evidently due to factors similar to those pres- 
ent in the microsome fraction. All our evidence indicates that the in- 
hibiting effect of the microsomes and the variable activity of the micro- 
some-free solution are related to their ATPase activity. The observation 
that the “microsome-free”’ solution shows greater activity in the presence 
of mitochondria probably can be explained on the basis of a higher rate of 
formation of ATP by the mitochondrial system. A higher rate of forma- 
tion of ATP in oxygen than in air would explain the requirement of the 
homogenate and of the combination of mitochondria and mitochondrium- 
free supernatant for a high oxygen tension. 

The participation of phosphorylations in the formation of phenyl] sulfate 
is definitely proved by the fact that ATP, phenol, Mg**, and sulfate are 
the sole requirements of the ‘‘microsome-free” supernatant solution for 
phenyl sulfate synthesis. 

Bernstein and McGilvery (9) arrived at the same conclusions in their 
studies of the conjugation of m-aminophenol. 


SUMMARY 


“Microsome-free” supernatant solutions of rat liver synthesize phenyl 
sulfate from phenol and sulfate when supplemented with ATP if Mg** is 
present. The reaction is inhibited by addition of the microsome fraction, 
presumably because of the ATPase activity of the microsomes, their sulfa- 
tase activity being very low. The mitochondria are required for the syn- 
thesis when the “microsome-free”’ solution is fortified with AMP and an ox- 
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idizable substrate. In this case the mitochondria are undoubtedly needed 
to generate ATP by aerobic phosphorylation. Other observations bearing 
on the above and previous findings are reported. 


We wish to express our gratitude to the Wallerstein Laboratories for the 
methylol gramicidin used in this work. 
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THE EFFECTS OF ALKALI METAL IONS ON THE ACETATE 
ACTIVATING ENZYME SYSTEM* 


By R. W. VON KORFFY{ 


(From the Department of Pediatrics, Heart Hospital Research Laboratory, University of 
Minnesota, Minneapolis, Minnesota) 


(Received for publication, January 15, 1953) 


The preparation and properties of an acetate activating enzyme! from 
animal tissues have been described by Beinert et al. (1). In that work it 
had been noted that the sodium ion is a potent inhibitor of acetyl CoA 
formation in the acetate-ATP reaction. 

Nachmansohn and John (2) reported stimulation of the choline-acetylat- 
ing system by potassium ion, while Korey et al. (8) reported the inhibition 
of the same system by sodium ion, although the high concentration required 
for inhibition led to the conclusion that the effect was non-specific. Our 
initial experiments with alkali metal ions and AAE carried out at the 
Institute for Enzyme Research, University of Wisconsin, have now been 
extended in thislaboratory. It appeared that the ionic effects observed by 
Nachmansohn were, at least in part, on the acetate activating reaction. 


AcO- + ATP + CoA — acetyl CoA + PP; + AMP 


This paper deals with the effects of alkali metal ions on the AAE system 
when the resulting acetyl CoA is trapped either as acethydroxamic acid or 
as citrate. In the former case hydroxylamine was employed as a non- 
enzymatic (4) trapping agent, and in the latter case oxalacetate and con- 
densing enzyme (5) were used to convert the acetyl CoA to citrate. 

Data are presented showing stimulation of AAE activity by potassium, 
ammonium, or rubidium ions and inhibition by sodium or lithium ions. 
An obligatory requirement for potassium (or ammonium) for citrate forma- 
tion from acetate and ATP is demonstrated. 


Materials and Methods 


Preparation of Enzyme—During the progress of this work AAE was pre- 
pared in three ways: (a) from a pig heart homogenate by an unpublished 


* Aided by funds from the Minnesota Heart Association and the Helen Hay Whit- 
ney Foundation, New York. 


t Fellow of the Helen Hay Whitney Foundation, New York. 

1 AAK, acetate activating enzyme; acetyl CoA, acetyl coenzyme A; ATP, adeno- 
sinetriphosphate; CoA, coenzyme A; AMP, adenosine-5-phosphate; PPj, inorganic 
pyrophosphate; Tham, tris(hydroxymethyl)aminomethane; GSH, glutathione. 
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method of Dr. Helen Hift; (b) from a pig heart acetone powder by the 
method of Beinert et al. (1); and (c) from rabbit heart mitochondria pre- 
pared in 0.88 m sucrose by a slight modification of the method of Beinert 
et al.2 In the last case the mitochondria were washed with Tham (0.16 m, 
pH 7.5), centrifuged for 15 minutes at 3000 X g in the angle head of an 
International Equipment Company PR-1 refrigerated centrifuge, and then 
rewashed in the same manner. The mitochondria were then suspended in 
Tham (0.02 m) and frozen and thawed at least twice. The extract after 
centrifugation contained a very active AAE and sufficient condensing en- 
zyme to produce citrate at a rapid rate from acetyl CoA and oxalacetate. 
When AAE was prepared by ammonium sulfate fractionation, the final 
preparations were dialyzed against Tham (0.02 m, pH 7.5) until free of 
ammonium ion. 

The average specific activity (defined as micromoles of hydroxamic acid 
per mg. of protein in 30 minutes at 38°) of enzyme prepared by method (a) 
is 0.6, by method (6) 1.5, and by method (c) 6.0. 

Crystalline hydroxylamine was prepared by the method of Hurd (6). 
An aqueous solution (about 3 M) was then prepared and adjusted to pH 
8.0 by neutralization with normal HCl. An aliquot was assayed for hy- 
droxylamine by titration to pH 2.0 with HCl. The remainder of the solu- 
tion was adjusted to 2.5 m and stored at —20°. The preparation was 
stable over a period of several weeks when stored in this manner. 

The Tham salt of ATP was prepared from the disodium salt (Pabst 
Laboratories) by passage through a Dowex 50 (H+ form) column to remove 
sodium, followed by neutralization of the free acid with Tham and dilution 
to the desired concentration. 

The CoA used contained at least 20 per cent of bound pantothenic acid 
and was supplied by the Pabst Laboratories. The solutions were neu- 
tralized before use with Tham to pH 7.0. 

Protein determinations were made by the method of Weichselbaum (7), 
with appropriate corrections for the color produced with the reagent by an 
amount of 0.02 m Tham equivalent to the volume of sample tested. 

Tests for Enzyme Activity with Hydroxylamine—The test procedure was 
carried out as described by Beinert ef al. (1), except that all acidic com- 
ponents were neutralized with Tham, which is essentially inert in this 
system. Known amounts of alkali metal chlorides were added to test for 
their effect on enzyme activity. 

Tests for Enzyme Activity with Oxalacetate and Condensing Enzyme—The 
test system was modified by substitution of oxalacetate (10 um per ml.) 
for hydroxylamine (250 um per ml.). The oxalacetate (Krishell Labora- 


2 Beinert, H., Green, D. E., Hele, P., Hift, H., and Ramakrishnan, C. V., in prep- 
aration. 
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tories, Inc.) was recrystallized twice by dissolving in acetone and reprecipi- 
tating with benzene. A solution of the free acid was neutralized to pH 
7.0 with Tham. This solution must be prepared just prior to use. 

In early studies on citrate formation AAE prepared by method (a) was 
used, while in the later experiments AAE prepared from mitochondria by 
method (c) was employed. These preparations contained sufficient con- 
densing enzyme in addition to AAE to permit rapid citrate formation from 
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Fig. 1. Potassium ion stimulation of acethydroxamic acid formation by acetate 
activating enzyme (all acidic components were converted to their Tham salts). The 
system contained, per ml., GSH, 20 um; ATP, 8 um; Tham, pH 9.5, 50 um; CoA, 
22 Lipmann units; MgCle, 4 um; hydroxylamine, pH 8.0, 250 um; pig heart enzyme, 
5.2 mg. of protein; and the amount of KCl indicated. Incubated 30 minutes at 38°. 


acetyl] CoA. Citrate was determined in the filtrate obtained after the 
reaction had been terminated by addition of an equal volume of a tri- 
chloroacetic acid solution (10 per cent). Citrate was estimated by the 
method of Natelson et al. (8). 


Results 


Hydroxamic Acid Formation 


Potassium, Ammonium, or Rubidium Ion Stimulation of AAE Activity— 
Stimulation of acethydroxamic acid formation by potassium ion in the 
AAE system is illustrated in Fig. 1. Similar results are obtained with 
ammonium ion. In one experiment the relative stimulations of acethy- 
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droxamic acid formation by potassium, ammonium, or rubidium ion at a 
concentration of 0.05 m were 2.1-, 2.5-, and 2.5-fold, respectively. 
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Fig. 2. Sodium inhibition of acethydroxamic acid formation by acetate activating 
enzyme at several potassium ion concentrations. Components as for Fig. 1, except 
enzyme. Preparation from pig heart acetone powder; 1.8 mg. of protein added per 
ml. NaCl added as indicated. 
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Fic. 3. Potassium stimulation of citrate formation by acetate activating enzyme 
and condensing enzyme. The system contained, per ml., GSH, 10 um; Tham, pH 9.1, 
50 um; ATP, 4 um; MgClo, 2 um; oxalacetate, 10 um; acetate, 10 um; CoA, 23 Lipmann 
units; mitochondrial enzyme, 0.3 mg. of protein; and KCl added as indicated. Incu- 
bated 30 minutes at 38°. 


Sodium or Lithium Ion Inhibition of AAE Activity—The strongly inhibi- 
tory effect of sodium ion on AAE activity at three levels of potassium ion 
concentration (0, 80, and 160 uM per ml.) is illustrated in Fig. 2. Addition 
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of potassium ion to a system containing sodium ion will result in a stimula- 
tion of the enzymatic activity when the potassium concentration is below 
the optimal value. However, potassium at higher concentrations does not 
show any greater antagonism to sodium ion. 

The relative inhibition by sodium and lithium ion each at a concentra- 
tion of 0.04 m and in the presence of potassium ion at a concentration of 
0.08 m was 70 and 74 per cent, respectively. 

Enzyme prepared from mitochondria will function well in solutions con- 
taining as much as 1 mm of hydroxylamine per ml. At high hydroxyl- 
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Fia. 4. Sodium inhibition of citrate formation by acetate activating enzyme and 
condensing enzyme at two levels of potassium ion. The system contained, per ml., 
GSH, 20 um; acetate, 10 um; ATP, 8 um; Tham, pH 9.1, 50 um; CoA, 22 Lipmann units; 
MgCl, 4 um; oxalacetate, 10 um; pig heart enzyme, 3.6 mg. of protein; NaCl added as 
indicated. Incubated 30 minutes at 38°. In the absence of both K* and Na* only 
0.06 um of citrate was formed per ml. of reaction mixture. 


amine concentrations, however, potassium stimulation is minimal. Hy- 
droxamic acid formation always occurs to an appreciable and variable 
extent in the AAE-hydroxylamine system, even in the complete absence of 
potassium (compare with the data on citrate formation). Hydroxylamine 
itself may have a stimulatory action on the enzyme, or ammonia may result 
from hydroxylamine decomposition (9). 


Citrate Formation 


Potassium Stimulation and Sodium Inhibition of AAE Activity—The re- 
quirement for potassium ion in citrate formation from acetate, ATP, and 
oxalacetate is illustrated in Fig. 3. Inhibition of citrate formation when 
sodium ion is present in addition to potassium is shown in Fig. 4. The 
results are similar to those obtained in the hydroxamic acid assay system, 
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except for the fact that an obligatory requirement for potassium is demon- 
strable in the citrate assay system. In a series of simultaneous tests 
potassium, ammonium, and rubidium ion each at a concentration of 0.04 
M led to the formation of 3.0, 3.1, and 3.3 un of citrate, respectively, in 30 
minutes with 0.3 mg. of mitochondrial enzyme. 


DISCUSSION 


It is now apparent that the conversion of acetate to the high energy 
intermediate acetyl CoA (10) can be classified with those enzymatic proc- 
esses shown to be stimulated by potassium ion and inhibited by sodium 
ion; é@.g., pyruvic phosphopherase (11), phosphotransacetylase (12), and 
yeast aldehyde dehydrogenase (13). 

The marked inhibition of AAE activity by low concentrations of sodium 
ion and maximal stimulation of activity by potassium ion within the range 
of physiological intracellular concentrations is of considerable interest. 

The stimulatory effect of potassium ion on AAE activity is in agreement 
with the observations of Nachmansohn and John (2) on potassium stimu- 
lation of acetyl choline formation from acetate, ATP, and choline in a 
soluble preparation from brain and possibly with the potassium stimula- 
tion of acetyl choline formation by tissue slices observed by McLennan 
and Elliott (14) and Mann, Tennenbaum, and Quastel (15). The failure 
by these investigators to observe sodium inhibition of acetyl choline forma- 
tion by tissue slices may be due to permeability factors. An explanation 
for the lack of inhibition of acetyl choline formation by low sodium ion 
concentrations in the experiments of Korey et al. (3) with a soluble choline- 
acetylating system is not obvious. 

The obligatory requirement for potassium ion for citrate formation from 
acetate, ATP, CoA, and oxalacetate in the presence of AAE and condensing 
enzyme demonstrated in the present work is of physiological significance. 
A possible metabolic control through the medium of potassium and sodium 
ion is indicated. The effect of these ions on citrate formation from pre- 
formed acetyl CoA, oxalacetate, and condensing enzyme has not been 
investigated .* 


SUMMARY 


1. A pronounced stimulation of acetate activating enzyme by potassium, 
ammonium, or rubidium ion has been demonstrated. 

2. The stimulation of acetate activating enzyme by potassium, ammo- 
nium, or rubidium ion is evident when the acetyl CoA formed in the reac- 
tion is trapped either as acethydroxamic acid or as citrate. In the latter 
case an obligatory requirement for stimulatory ion has been demonstrated. 


3 Stern, J. R., personal communication. 
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3. A potent inhibition of acetate activating enzyme by sodium or lithium 
ions has been demonstrated. This inhibition occurs even at an optimal 
stimulatory concentration of potassium ion. 

4. Potassium and sodium are not antagonistic in the usual sense of the 
word in the acetate activating enzyme system. Potassium will stimulate 
acetate activating enzyme in the presence of sodium, but the inhibition of 
activity by sodium cannot be overcome by an excess of potassium ion. 


The technical assistance of Miss Virginia Wacker and Mrs. G. Vanderwal 
Glaman is gratefully acknowledged. We are indebted to Armour and 
Company, South St. Paul, Minnesota, for generous supplies of pork heart. 
Dr. David E. Green kindly provided information on recent improvements 
in methods of enzyme preparation. 


BIBLIOGRAPHY 


1. Beinert, H., Green, D. E., Hele, P., Hift, H., Von Korff, R. W., and Ramakrish- 
nan, C. V., J. Biol. Chem., 208, 35 (1953). 

. Nachmansohn, D., and John, H. M., J. Biol. Chem., 168, 157 (1945). 

3. Korey, S. B., de Braganza, B., and Nachmansohn, D., J. Biol. Chem., 189, 705 
(1951). 

. Chou, T. C., and Lipmann, F., J. Biol. Chem., 196, 89 (1952). 

. Ochoa, S., Stern, J. R., and Schneider, M. C., J. Biol. Chem., 198, 691 (1951). 

. Hurd, C. D., in Booth, H. S., Inorganic syntheses, New York, 1, 87 (1939). 

. Weichselbaum, T. E., Am. J. Clin. Path., Tech. Suppl., 10, 40 (1946). 

. Natelson, 8., Pincus, J. B., and Lugovoy, J. K., J. Biol. Chem., 175, 745 (1948). 

. Morris, K. B., Johnson, D. F., and Morris, J. B., J. Am. Chem. Soc., 72, 2776 
(1950). 

10. Stern, J. R., Ochoa, S., and Lynen, F., J. Biol. Chem., 198, 313 (1952). 

11. Kachmar, J. F., and Boyer, P. D., J. Biol. Chem., 200, 669 (1953). 

12. Stadtman, E. R., J. Biol. Chem., 196, 527 (1952). 

13. Black, S., Arch. Biochem. and Biophys., 34, 86 (1951). 

14. McLennan, H., and Elliott, K. A.C., Arch. Biochem. and Biophys., 36, 89 (1952). 

15. Mann, P. J. G., Tennenbaum, M., and Quastel, J. H., Biochem. J., 33, 822 (1939). 


nw 


“ao ot oe 


co oo 


+ eka 











L 
hon 
trif 
and 
kov 
in ¢ 
sedi 
of t 
mat 
the 
sma 
A 
tior 
kin: 
Bor 
are 
gluc 


is 
0.01 
pha 
met 
pho 
Glu 
and 
des 
util 

* 
Ap 


Ame 


t 





asieaa 














THE ASSOCIATION OF HEXOKINASE WITH PARTICULATE 
FRACTIONS OF BRAIN AND OTHER TISSUE 
HOMOGENATES* 


By ROBERT K. CRANE anp ALBERTO SOLSt 


(From the Department of Biological Chemistry, Washington University School of 
Medicine, St. Louis, Missourt) 


(Received for publication, November 24, 1952) 


It was reported several years ago (1) that the hexokinase activity of 
homogenates of rat brain was reduced when the homogenates were cen- 
trifuged. The extent of the reduction of activity paralleled the duration 
and speed of the centrifugation. More recently, Meyerhof and Geliaz- 
kowa (2) suggested that the hexokinase of brain might exist predominantly 
in a “bound” form. In the present paper, it is shown that the readily 
sedimented particulate fraction of brain homogenates contains virtually all 
of the hexokinase activity. The association of hexokinase with particulate 
material is not limited to brain, although in homogenates of other tissues 
the percentage of the hexokinase in the particulate fractions is much 
smaller. 

A new method of purification of brain hexokinase has yielded prepara- 
tions which are free of interfering enzymes. The inhibition of brain hexo- 
kinase by glucose-6-phosphate has been described by Weil-Malherbe and 
Bone (3). The kinetics of glucose phosphorylation by the purified enzyme 
are those resulting from the non-competitive inhibition of the reaction by 
glucose-6-phosphate. 


Materials and Methods 


Determinations—Preparations of hexokinase were incubated at 30° with 
0.0125 m adenosinetriphosphate (ATP) (Pabst), 0.02 mM potassium phos- 
phate, pH 8.0, 0.005 m glucose, 0.005 m MgCle, and 0.06 m tris(hydroxy- 
methyl)aminomethane (Tris), pH 8.0, in a total volume of 1 ml. The 
phosphate ions in this mixture are required for stability of the enzyme. 
Glucose utilization was determined by the difference between the initial 
and the final (after incubation) reducing values obtained with the method 
described by Nelson (4). A unit of hexokinase activity is defined as the 
utilization of 1 um of glucose in 15 minutes under the above conditions. 


* Aided by a grant from The National Foundation for Infantile Paralysis, Inc. 
A preliminary report was presented before the Forty-third annual meeting of the 
American Society of Biological Chemists at New York, 1952. 

+ Fellow of the Higher Council for Scientific Research (Spain). 
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Protein was determined by the method of Lowry et al. (5). Specific ac- 
tivity is defined as the units of hexokinase per mg. of protein. 

Centrifugations at less than 3000 X g were carried out in the No. 2 
International centrifuge with horizontal yoke. For greater forces the model 
SS-1 Servall centrifuge was used. All values of relative centrifugal force 
are for the center of the tubes. 

Lipase—The lipase used was prepared from pancreatic lipase powder 
(Nutritional Biochemicals Corporation) by the method of Willstatter and 
Waldschmidt-Leitz as described in Bamann and Myrbick (6). The pro- 
cedure was followed through the first treatment with alumina gel. The 
ammonium phosphate was removed by dialysis against 20 per cent glycerol 
and the small amount of precipitated protein was removed by centrifuga- 
tion. The clear supernatant fluid was used directly. 

Phosphofructokinase—The phosphofructokinase (PFK) preparation was 
the 0.41 to 0.50 saturated ammonium sulfate fraction of rabbit muscle 
extract described by Taylor (7). This fraction was dissolved in 0.10 m 
potassium phosphate, pH 8.0, and heated for 5 minutes at 55°. The clear 
supernatant fluid remaining after removal of the coagulum by centrifuga- 
tion was completely devoid of hexokinase activity. PFK activity was 
assayed spectrophotometrically (7, 8). This preparation also contained 
phosphohexose isomerase activity. 


Results 


Centrifugal Fractionation of Homogenates—It has been found that. prac- 
tically all of the hexokinase activity of brain homogenates can be sedi- 
mented at 18,000 X g. The data from sedimentation experiments carried 
out with homogenates prepared in distilled water, phosphate buffers, or 
isotonic sucrose are given in Table I. The absence of appreciable influence 
by the nature of the suspending medium on the proportion of hexokinase 
sedimented indicates that the association of brain hexokinase with large 
particles is characteristic of this enzyme. 

When water or phosphate buffer homogenates of calf brain cortex are 
fractionated by centrifugation (Fig. 1), a large part (at least 75 per cent) 
of the hexokinase sediments at 3500 & g. Moreover, when the fraction 
which sediments at 800 X g is first removed, the material which then 
comes down at 3500 X g has a greater specific activity of hexokinase than 
any other of the fractions obtained. Although this difference in specific 
activity is apparent in water, it is markedly accentuated by the presence 
of phosphate. In the presence of 0.1 mM phosphate, the fraction which 
sediments between 800 * g and 3500 & g has a specific activity almost 
7 times that of the original homogenate. 

Fractionation of an isotonic sucrose homogenate of whole rat brain has 
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yielded results similar to those described above from phosphate homog- 
enates of calf brain cortex. The distribution of activity found in the 
experiment with the sucrose homogenate (Fig. 2) suggests a relationship 
between the particles with which hexokinase is associated and the brain 
mitochondria (see ‘‘Discussion”’). 

Effect of Various Agents on Brain Hexokinase—Enzymatically active 
preparations of brain hexokinase free of particulate material have not been 
obtained. In general, treatment of preparations such as that resulting 


TABLE [ 


Distribution of Hexokinase Activity in Centrifuged Brain Homogenates 


Centrifugation Hexokinase units recovered* 





Medium me i — a? 
Xe | Min. Homog- sediment Super. 
(1) ag | @ | @ 6) | © (7) 
Sucrose,/O. 25 Ms och sa oc. 5e- e 13 ,000 | 20 168 146 20 87 (88) 
Phosphate, 0.005 m, pH 7.2...... 18,000 30, 98 87 3 94 (97) 
« 0.1m, pH 7.9........ 18,000 | 30 93 74 1 80 (99) 
WSt6R 4:09. tind ort ee eos ee 13,000 20 | 7 7 1 97 (99) 


Sucrose homogenate prepared by homogenizing the cerebral hemispheres from 
one rat brain (approximately 1 gm. of tissue) together with 10 ml. of 0.25 m sucrose 
in a glass Potter-Elvehjem homogenizer. The other homogenates were prepared 
by homogenizing 25 gm. of calf brain cortex together with 175 ml. of the medium 
indicated in a Waring blendor. In Column 7 the percentages enclosed in paren- 
theses are calculated from the sum of the hexokinase recovered in the sediment 
and the supernatant fluid (Column 5 + Column 6). The percentages not in paren- 
theses are calculated on the basis of the hexokinase found in the homogenate (Col- 
umn 4), 

* Approximately per gm. of wet tissue. 


from Step 2 of the procedure below with organic solvents, e.g. ethanol, 
butanol, and pyridine, results in loss but not measurable solubility of the 
activity. In the case of ethanol the specific activity of the particulate 
matter is reduced as the concentration of solvent is increased. Butanol, 
when used as described by Morton (9), causes a complete destruction of the 
activity of brain hexokinase, although yeast hexokinase, similarly treated, 
is not. affected. Acetone powders of the purified brain hexokinase or of 
whole cortex retain about 10 per cent of the total activity of the starting 
material. Of this, about half is extractable with phosphate buffer. Al- 
though the extracted activity is soluble by the criterion that a force of 
100,000 X g is required to sediment it, the small yield makes the acetone 
treatment of doubtful preparative value. Alternate freezing and thawing 
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have no effect on the activity of brain hexokinase or on its association with 
particulate matter. Suspension of brain hexokinase in solutions of high 
ionic strength (0.3 saturated ammonium sulfate) or in distilled water like- 
wise has no effect. The particulate preparations are soluble in dilute 
alkali, but hexokinase activity is rapidly lost above pH 8.5. A large 
fraction of the protein of these preparations can be removed by treatment 
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Fic. 1. The distribution of hexokinase activity in the particulate fractions of 
homogenates of calf brain cortex. @, water; O, K2HPO,, 0.005 M, final pH 7.2; x, 
K2HPO, (98 parts), KH2PO, (2 parts), 0.1 M, final pH 7.9. The tissue was homogen- 
ized with 10 volumes of the indicated medium for 2 minutes in the Waring blendor. 
The fractionation procedure consisted in collecting the material which sedimented 
at 800 X g, then at 3500 X g from the supernatant fluid remaining, and so on. Cen- 
trifugations were for 20 minutes. The fractions were suspended for assay in medium 
of the original homogenate composition. The fraction labeled SUPE is the super- 
natant fluid from the highest relative centrifugal force used. The specific activity 
of the uncentrifuged homogenates was approximately 1.25. 


with Triton X-100 (a non-ionic detergent product of Rohm and Haas). 
The residual activity, however, is found entirely in the particulate fraction. 

Effect of Lipase and Desoxycholate—The particulate preparations of brain 
hexokinase contain a high proportion of lipide material. Analyses show 
about 35 to 40 per cent of the dry weight to be lipide, and of this about 
60 per cent is phospholipide. Because of this chemical composition both 
lipase and desoxycholate were tried for their effect on the enzyme prepara- 
tions. Controlled treatment with the agents was found to produce a sig- 
nificant purification of hexokinase activity in the particulate form. The 
use of these agents in a procedure for purification will be described later. 
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The experiments described below show in detail the effect of these agents 
on the particulate preparations. 

A partially purified preparation of lipase (see “Materials and methods”) 
was added to a suspension of brain hexokinase. The mixture was incu- 
bated and the changes with time in turbidity, sedimentable protein, and 
sedimentable hexokinase were followed. It was found (Fig. 3) that during 
the Ist hour the values for the turbidity of the suspension and the protein 
of the sedimentable material decreased rapidly to constant levels. The 
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Vic. 2. The distribution of hexokinase activity in the particulate fractions of rat 
brain homogenates. The cerebral hemispheres from one rat brain were homogenized 
with 10 volumes of 0.25 m sucrose in a glass Potter-Elvehjem homogenizer. The 
technique used for fractionation was as for Fig. 1. The specific activity of the un- 
centrifuged homogenate was 1.4. 





recoverable hexokinase activity, all of which was sedimentable, also de- 
creased, but, in this case, a constant value was not reached and loss of 
activity continued to occur for many hours. Thus there was obtained, 
initially, a progressive increase in the specific activity of the sedimentable 
material. Continuation of incubation after the protein value was constant, 
however, was accompanied by a progressive reduction in the specific ac- 
tivity of the material recovered. The cessation of change in turbidity 
seemed to coincide with the point of maximal specific activity. The de- 
struction of hexokinase activity which occurred was not caused by trypsin, 


since the addition of crystalline trypsin inhibitor (Worthington) did not 
prevent it. 
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In another experiment, graded amounts of desoxycholate were added to 
aliquots of a suspension of brain hexokinase. The turbidity, sedimentable 
protein, and sedimentable hexokinase were then determined for each of the 
concentrations used. Curves derived from the data of this experiment are 
plotted in Fig. 4. It was found that the values for all three measurements 
decreased abruptly with increasing concentration of desoxycholate. How- 
ever, the value of sedimentable protein decreased relatively more than that 
of hexokinase at low desoxycholate concentrations, producing a rise in the 
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Fig. 3. The effect of pancreatic lipase on preparations of brain hexokinase. 0, 
optical density at \ = 420 my; @, sedimentable hexokinase activity; X, sedimentable 
protein. The original suspension, in 0.05 m phosphate, pH 6.0, contained 4.5 mg. 
of protein per ml. with a specific activity of 6.3. Lipase preparation added at a con- 
centration of 0.9 mg. of protein per ml. Incubation at 30°. The sedimentable 
material was recovered by centrifugation at 13,000 X g for 30 minutes. 


specific activity of the material recovered. As the concentration of desoxy- 
cholate was increased, the loss in hexokinase became relatively great com- 
pared to the further small loss in protein. Thus, with desoxycholate as 
with lipase, there was attained a point of maximal specific activity in the 
sedimentable material. No activity could be recovered in the supernatant 
fraction at any desoxycholate concentration. 

An important feature of the action of these agents is that their effect is 
additive. Treatment with desoxycholate of a preparation previously incu- 
bated with lipase achieves a significant further purification. However, 
incubation of a desoxycholate-treated preparation with lipase or the use of 
both agents together has not proved successful, owing to a very rapid 
destruction of the hexokinase activity. It has not yet been possible to 
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determine whether the major amount of purification is accomplished by a 
preferential destruction of particles other than those which contain hexo- 
kinase or by a removal of inert protein from the same particles. 

Procedure for Partial Purification of Brain Hexokinase—Fractional cen- 
trifugation, incubation with lipase, and treatment with desoxycholate have 
been combined into a practical isolation procedure. ‘The final preparation 
is devoid of interfering enzymes, as shown in Table II. The directions 
given below may be applied to any quantity of starting material. Data 
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Fic. 4. The effect of desoxycholate on preparations of brain hexokinase. O, 
optical density at \ = 420 my; @, sedimentable hexokinase activity; X, sedimentable 
protein. The original suspension, in 0.05 m phosphate, pH 6.8, contained 9.33 mg. 
of protein per ml. with a specific activity of 5.0. Sedimentable material recovered 
as for Fig.3. Concentrations of desoxycholate greater than 0.1 per cent during assay 
inhibit brain hexokinase. The possibility of error from this source was eliminated 
by appropriate dilution. 


obtained from the actual purification from 250 gm. of calf brain cortex are 
given in Table III. All operations are carried out in a cold room at 0-4° 
except where stated otherwise. 

Step 1. Preparation of Homogenate—Fresh calf brain is chilled on ice and, 
after removal of the adhering membranes, the cortex is scraped as cleanly 
as possible away from the white matter. The scrapings are homogenized 
with 3 volumes of 0.1 mM phosphate, pH 6.8, for 3 minutes in the Waring 
blendor. 

Step 2. Fractional Centrifugation (Preparation C)—The homogenate is 
immediately centrifuged for 20 minutes at 800 X g. The supernatant 
fluid is removed carefully with suction and saved. The sediment is re- 
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suspended to the original volume in buffer and centrifuged as before. The 
second supernatant fluid is carefully removed and the sediment is discarded. 
The supernatant fluids are combined and centrifuged at 3500 X g for 20 


TABLE II 
Enzymes Present in Purified Preparations of Brain Hexokinase 
Hexokinase preparation 
Enzyme c | cD | a 


Approximate units enzyme per unit hexokinase 


Phosphomonoesterase...................... 0.05 5 : 
Adenosinetriphosphatase................... 0.3T | . - 
ah Sie SA 8 Or ON. ee ae | . 
Phosphofructokinase....................... 0.01 | : . 
Phosphoglucokinase........................ | i 
Phosphohexoseisomerase.................... | 0.01 0.002 
Phosphomannoseisomerase.................. | | - 

| * 


Phosphoglucomutasef...................... | | 

*No detectable activity with glucose, ATP, glucose-6-phosphate, mannose-6- 
phosphate, glucose-1-phosphate, or adenosinediphosphate as substrates when ap- 
propriate at pH 7 to 8. The possibility exists that under other conditions activity 
might be found. 

+ The ATPase content of this preparation varies with the method of centrifuga- 
tion. Some ATPase in this preparation is apparently “masked,’’ since more ac- 
tivity appears after lipase treatment. Desoxycholate destroys the ATPase. 

¢ Coenzyme (glucose-1 ,6-diphosphate) added. 


TaBLe III 
Typical Results Obtained in Purification of Brain Hexokinase 


| 


Total Total Specific 





ati Ti | 
Preparation activity protein | activity | purihed Recovery 
7 unils* mg. units per mg. per cent 
WROMNGROTAUC 4 oie i hii eee seo 25,000 | 17,200 1.5 100 
BER Tr 6 Gt ea ereies corel ie eae ae 10, 200 1,125 | 9.2 6.1 41 
LS Se See cee en ieee ree 9 , 200 410 22.5 15.0 37 


Cle Chk We aired 1s) mar ee an ioe 8,700 | 1 ae 47.5 35 


* All values corrected for non-linear kinetics (see the text). 


minutes. The supernatant fluid from this centrifugation is decanted and 
discarded. The sediment at 3500 X g is washed on the centrifuge at 5000 
xX g with 100 ml. of 0.05 m phosphate and suspended in one-fourth the 
original volume of 0.05 m phosphate, pH 6.2. If it is convenient to stop 
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at this point, the suspension may be kept in the cold room overnight with- 
out significant loss in activity. 

Step 3. Incubation with Lipase (Preparation CL)—The total protein con- 
tent of the suspension is determined and to the suspension is added an 
amount of lipase containing one-tenth this amount of protein. The amount 
of lipase to be used and the duration of incubation may be determined 
individually by direct experiment on an aliquot of the suspension (see Fig. 
2). After 2 hours of incubation at 30° with occasional stirring, the mixture 
is centrifuged at 13,000 X g for 30 minutes. The sediment is washed on 
the centrifuge at the same speed with 100 ml. of 0.05 m phosphate. 

Step 4. Treatment with Desoxycholate (Preparation CLD)—The washed 
sediment is thoroughly dispersed (Waring blendor) in one-tenth the orig- 
inal volume;of 0.05 m phosphate, pH 7.0 to 7.5. 5 per cent desoxycholate 
solution, pH 7.5 to 8.0, is added to a final concentration of 0.33 per cent 
and, after stirring for 15 minutes, the mixture is centrifuged as soon as 
possible at 13,000 X g for 30 minutes. The sediment is thoroughly dis- 
persed in 100 ml. of 0.05 m phosphate and again centrifuged as before. 
The washed sediment is suspended for use in 0.05 m phosphate, the pH of 
which may be any value between 6.2 and 8.0, although maximal stability 
of the hexokinase is at the more acid values. 

The activity of the material obtained at each step in this procedure is 
stable for some days in the cold room and indefinitely when kept frozen. 
The preparations tend to agglutinate during storage in the frozen state. 
They can be redispersed by brief homogenization. Assays made with 
Preparation C may give low results owing to sedimentation in the assay 
tube unless shaking is provided. Preparations CL and CLD have con- 
siderably greater stability as suspensions if not previously frozen. This 
seems to be due to a smaller particle size, which is reflected in the greater 
centrifugal force required to sediment them completely. If stability of the 
hexokinase activity is of major importance, it may be preferable to use a 
preparation different from those described above. Step 3 in the procedure 
is eliminated, and the sediment from Step 2 is suspended in buffer at pH 
7.0 to 7.5 instead of pH 6.2. The resulting preparation, CD, can be stored 
for several weeks at 4° without appreciable loss in activity. 

Owing to the absence in Preparation CLD of interfering enzymes (see 
Table IT), the reaction catalyzed by this preparation affords stoichiometric 
equivalence between the appearance of stable organic phosphorus and the 
disappearance of glucose, as shown by the data in Table IV. 

Time-Course of Hexokinase Reaction—The conclusion of Weil-Malherbe 
and Bone (3) that brain hexokinase is inhibited by glucose-6-phosphate 
(G-6-P) has been confirmed. The addition of G-6-P at low concentrations 
in the assay of purified hexokinase produced large inhibitions of the glucose 
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utilization. The data in Table V show that a 50 per cent inhibition was 
caused by as low a concentration as 0.0006 m G-6-P. It is evident from 
this result that in order to make a proper evaluation of hexokinase activity 
the occurrence and extent of G-6-P accumulation in experiments with 











TABLE IV 
Stoichiometry of Glucose Phosphorylation by Preparation CLD 
PPM MRNRUN SIEM PMUI hs cise veces be etcces seceesseassasen 0.2 0.5 
Glucose sanedyigte so 050) is a ks. | 0.77 | 1.03 
Stable phosphate formed, uw................ 0.74 1.04 
ee 








Preparation CLD was washed with 50 volumes of distilled water and suspended 
in distilled water immediately prior to use. The assay system contained enzyme, 
0.005 m glucose, 0.005 m MgCl, 0.01 m ATP, and 0.03 m Tris, pH 8.0, in a total vol- 
ume of 3 ml. Aliquots were taken at the start and after 15 minutes of incubation, 
The glucose utilization was determined as described in the text. Phosphate was 
determined after acid digestion of a trichloroacetic acid (5 per cent) filtrate from 
which nucleotide phosphorus had been removed by adsorption on Norit A charcoal. 
Final values corrected for the small amount of inorganic phosphate. 








TABLE V 
Inhibition of Brain Hexokinase by Glucose-6-phosphate 
Inhibitor* added | Glucose used | Inhibition 
EF kc tcopa tosis! ut. aher per cent 
0 : 0.137 
0.0001 0.114 17 
0.0002 0.114 | 17 
0.0004 0.093 | 32 
0.0006 0.069 50 
0.0008 0.053 | 61 





Preparation CLD was incubated for 15 minutes in a mixture of 0.004 m ATP, 
0.004 m MgCle, 0.0005 m glucose, 0.02 m Tris, pH 8.0, and glucose-6-phosphate, as 
indicated, in a total volume of 1 ml. 

* Glucose-6-phosphate, enzymatically prepared, was a gift from Dr. E. W. 
Sutherland. 


brain hexokinase must be known (see also ‘“‘Discussion’’). Some experi- 
ments which bear on this point are described below. 

In Fig. 5 are shown curves of the glucose utilization of Preparation C 
and the supernatant fraction remaining after its isolation. This super- 
natant fraction is equivalent to an extract from which, it should be empha- 
sized, most of the hexokinase has been removed. Thus the ratio of en- 
zymes utilizing G-6-P to hexokinase is much greater than the ratio which 
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existed in the original homogenate. The amounts of Preparation C and 
of supernatant fraction used were carefully selected so that the measured 
initial rate (5 minutes) of each was nearly the same. It was found that the 
rate of glucose utilization by Preparation C fell off rapidly with time as a 
result of the accumulation of G-6-P. Indeed, the utilization of glucose in 
60 minutes, which was actually a little more than 3 uM, could have totaled 
about 22 um if the true initial rate had been maintained. The rate of 
utilization by the supernatant fraction, on the other hand, after an initial 
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Fig. 5. Comparison of the kinetics of glucose utilization by a particulate prepa- 
ration of brain hexokinase and an extract of brain. C and S refer, respectively, to 
Preparation C and a supernatant fraction obtained as described in the text. The 
precise shape of curve S after 40 minutes is unknown. Glucose concentration 0.006 
M. Other conditions as described under ‘‘Materials and methods.” 


small decrease remained very nearly constant until glucose became limiting 
sometime after 40 minutes of incubation. 

In another experiment, varying amounts of Preparation C were incu- 
bated for a constant time. The results obtained in this experiment are 
plotted in Fig. 6. It was found that the amount of glucose utilized was 
not proportional to the concentration of hexokinase. However, when a 
large excess of PFK was added at the 0.05 ml. level of hexokinase to an 
otherwise identical sample, the glucose utilization was increased and was 
then proportional to the rate at the 0.01 ml. level in the absence of PFK. 

A third experiment, designed to observe the effect of a partial removal 
of G-6-P on the rate of glucose utilization, was performed. The glucose 
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used and the G-6-P found were compared at different concentrations of 
Preparation C in the presence and absence of a constant, small amount of 
PFK.' The data from this experiment are shown in Table VI. Again a 
greater utilization of glucose was found in the presence than in the absence 
of PFK. The difference in utilization became greater as the hexokinase 
was increased and corresponded to an increased difference in the G-6-P 
found at the termination of incubation. 

Since the observed rate of glucose utilization can be greatly influenced 
by the addition of PFK, it is of interest to know what is the effect of PFK 
at various ratios of its activity to that of hexokinase. An experiment was 
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Fic. 6. The effect of hexokinase concentration on glucose utilization. O, Prepa- 
ration C only; @, PFK added. For details see the text. Conditions as described 
under “Materials and methods.” 


carried out with Preparation CLD and the requirement for isomerase was 
met by the amount present in the PFK preparation. It was found (Fig. 
7) that when 1.3 units of hexokinase were incubated in the absence of 
PFK only 0.66 um of glucose was used in 15 minutes. The addition of 
PFK at activity levels close to that of hexokinase had very little effect: on 
this utilization. In order to obtain maximal hexokinase activity, it was 
necessary to add 140 units of PFK, a more than 100-fold excess over 
hexokinase. This requirement for a 100-fold excess of PFK would appear 


1The PFK used in this particular case was made by adjusting the pH of a rat 
muscle extract to 5.6. The precipitated protein was recovered by centrifugation, 
dissolved as much as possible in 0.05 m phosphate, pH 7.7, and heated for 5 minutes 
at 55° to inactivate the hexokinase. The coagulum was removed by centrifugation 
and the clear supernatant fluid was used. 
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to be a result of two factors; namely, the presence of the intermediary 
isomerase reaction and the affinity of PFK for its substrate as compared 


TaBLe VI 


Effect of Phosphofructokinase* on Glucose-6-phosphate Concentration at Various 
Levels of Hexokinase Activity 


Glucose used G-6-P foundt 
: i . uM : uM 
COG MEAPrenatation Oo. 65.6.2 sonccateeseoin | 1.14 0.99 
SULT Grae) ce) “) “ee REO ree sna 1.17 0.63 
jl mi Preparation ©... d.c0cias. o.cgeeesems | 1.67 1.59 
SES re at 2 2 gee esac | 2.04 0.90 
Oink Preparation C... .. 4206.02 k owe: 2.47 1.95 
eS | Tere seta 3.35 0.96 





Conditions as given under ‘‘Materials and methods.”’ 

* In suboptimal amount (see the text). 

+ G-6-P determined spectrophotometrically by the reduction of triphosphopyri- 
dine nucleotide in the presence of Zwischenferment (10) after removal of the hexo- 
kinase by centrifugation and hydrolysis of ATP by heating in N HCI for 10 minutes. 
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Fic. 7. The effect of phosphofructokinase on glucose utilization. Conditions as 
described under ‘Materials and methods.”’ A unit of phosphofructokinase activity 
is defined as the utilization of 1 ym of fructose-6-phosphate in 15 minutes in the 
assay referred to under ‘‘Materials and methods.”’ 





to the concentration of available substrate. In the equilibrium .state of 
the isomerase reaction only 30 per cent of the hexose ester is fructose-6- 
phosphate (11). The K, of PFK (brain) for fructose-6-phosphate is ap- 
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proximately 0.0003 m (3). From these relationships it can be calculated 
that at the level of glucose-6-phosphate which would produce negligible 
inhibition (<0.00005 m) the PFK would exhibit less than 5 per cent of 
its maximal activity. The per cent increase found upon supplementation 
of hexokinase with PFK will, of course, depend on the level of hexokinase 
activity. At very low levels of glucose utilization the inhibition by the 








SQUARE ROOT OF TRUE ACTIVITY 
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OBSERVED ACTIVITY 
MICROMOLES/ML. GLUCOSE USED 


Fic. 8. The relationship between the observed activity (No) and the true activity 
(N.) of purified brain hexokinase preparations. For details see the text. The 
symbols represent different experiments. 


accumulated G-6-P is small enough to make detection of the effect of PFK 
difficult. 

It is possible to eliminate G-6-P accumulation as a factor in the experi- 
mental result either by adding a sufficiently large excess of PFK so that 
G-6-P cannot accumulate or by working on a micro scale such that only a 
very small amount (<10~ m per liter) of glucose is utilized. For the sake 
of convenience, we have avoided these methods by using an experimentally 
determined correction factor. Such a factor can be used for the purified 
brain hexokinase preparations since the amount of G-6-P present at any 
time is determined by the amount of glucose which has been used by the 
enzyme. An empirical formula for the relationship between the observed 
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activity and the true activity was derived by comparing glucose utilization 
in the absence of PFK with that in the presence of PFK (or alternatively 
with the extrapolated activity, assuming no inhibition by the accumulation 
of 0.1 wm of G-6-P per ml.). When the observed activity is plotted against 
the true activity, a parabolic curve is obtained. The formula for this 
parabola, derived by graphical means (see Fig. 8), is N, = (KiNo + K2)? 
where N;, is the true activity and Np is the observed activity, both in 








TaBLe VII 
Distribution of Hexokinase Activity in Centrifuged Homogenates of Rat Tissues 
Weide Homo nate" | pices | bad eee recovered} ™ —_ 
| | XB Min. \Homogenate Sediment Supernatant ment 
| 
Intestinal Mannitol, 0.25| 18,000 60 | 3.3 2.4 0.83 73 
mucosa | Meee | | 
Heart | Sucrose, 0.25 | 18,000 | 60 | 12.8 6.6 6.2 | 52 
M, 1:5 | | | | | 
Kidney | Same | 18,000 | 60 | 5.45 2.55 2:75 AP 
Stomach | Mannitol, 0.25, 18,000 | 60 | 3.3 $22 1.8 36 
(whole) | M, 1:5 | | | 
Liver | Phosphate, | 18,000 | 60 | 15.6 5.4§ 1 ey a es 
: pH 6.8, 0.05, | | 
M124 | | 
Red blood cells) Water | 18,000 30 | 0.49 | | 0.45 | 0 


| 


* Prepared in a glass Potter-Elvehjem homogenizer in the medium and at the 
dilution shown. 


t Following an initial centrifugation at 600 X g for 2 minutes to remove unbroken 
cells. 

t In micromoles of glucose. The homogenates, except red blood cell, and all the 
sediments showed a falling rate with time. Correction has not been made for this 
except in the case of heart. Since the supernatant fluids showed linear rates, the 
percentages in the last column must be considered only approximate. 

§ Corrected for inclusion of supernatant fluid. 

|| Activity too low to measure. 


micromoles of glucose used per ml. of solution, and A, = 1.33 and Kz 
= 0.2. In Fig. 8 the data from five experiments are plotted. The line 
drawn through the data is the theoretical line for the formula above. We 
have found that values of glucose utilization between 0.2 and 3.5 um per 
ml. can be corrected by this equation. In the macroprocedure already 
described (see ‘‘Materials and methods’’) a glucose utilization of 0.2 um 
per ml. or less cannot be accurately determined and may be accepted as an 
approximation without correction. 

Hexokinase in Tissues Other Than Brain—The association of hexokinase 
with the particulate elements of homogenates is not limited to brain. 
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Tsotonic sucrose homogenates of heart and kidney, isotonic mannitol ho- 
mogenates of intestinal mucosa and stomach, and phosphate buffer ho- 
mogenates of liver and water lysates of red blood cells have been prepared 
from rat tissues. Centrifugation of these preparations at 18,000 * g has 
resulted in each case, except that of red cells, in the sedimentation of 
hexokinase, the amount varying from one-third to two-thirds of the total, 
depending on the tissue. No sedimentable hexokinase was obtained from 
the red cell lysate (Table VIT).. The sedimentability of the hexokinase in 
some of these tissues has been observed previously by Long (12). 


TaBie VIII 


Effect of Phosphofructokinase on Inhibition of Hexokinase Activity of Rat Heart and 
Skeletal Muscle 





Glucose used 





uM 
Muscle extract (see text)........0..0 0... cece eee eee 0.28 
LES ROT CE a 0.31 

eas icles egiilal( U1 50) nc cc a 0.06 

ee + PFK + F-6-P........ ee suai tsesecht aan 0.28 
0.1 ml. insoluble heart preparation...... actptetee eee bs 0.45 
CEE yss ull a! (Ll | es ne sits, wfitedeeh tna ee 0.75 * 
0.2 ml. insoluble heart preparation. ....... ee ceca a Nie 0.66 
Con) Lola aad 5c) QU a = pk Nero esl eee 1.42 





Conditions as given under ‘“‘Materials and methods.”’ 
* Fructose-6-phosphate (Schwarz). 


Also of interest is the fact that the rate of glucose utilization by the 
sedimentable enzymes above has been found to fall with time at a rate 
entirely out of proportion to the slight inactivation which occurs. The 
fall in rate approximates that which would be expected to result from 
G-6-P accumulation. With preparations from three tissues more direct 
evidence of G-6-P inhibition is available. A particulate preparation from 
heart was incubated in both the presence and absence of added PFK, at 
two levels of hexokinase activity. It was found that the rate of glucose 
utilization in the absence of PFK was not proportional to the hexokinase 
added. The addition of PFK increased the rate at both levels and induced 
proportionality. A water extract of skeletal muscle was centrifuged at 
13,000 X g for 20 minutes and most of the PFK in the supernatant fluid 
was removed by pH adjustment to 5.6 and centrifugation? Aliquots of 
the supernatant portion were then incubated together with fructose-6- 


2? Unpublished observation of Dr. Sidney P. Colowick. 
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phosphate (F-6-P) and PFK in different combinations. It was found that 
PFK alone had no effect at this level of glucose utilization. F-6-P, owing 
to the presence of phosphohexoseisomerase, inhibited the activity almost 
completely. F-6-P in the presence of added PFK had no detectable effect. 
The data for these experiments are given in Table VIII. In Fig. 9 is shown 
the inhibition of red cell hexokinase by the addition of G-6-P. During 
the first 30 minutes, in the presence of G-6-P, there was a pronounced 
inhibition of glucose utilization. However, during this same period, the 
G-6-P was apparently removed by the highly active red cell PFK, causing 














rm 
P 0.4L @ 
2 
m7 
O O3L 
5) 
2 
B 
e 
w O2L 
7 NO G-6-P , 
Q OIL PLUS G-6-P 
i) i ae 
= 
1 1 
30 60 
MINUTES 


" Fic. 9. The inhibition of red blood cell hexokinase by glucose-6-phos phate 
Packed, washed red cells lyzed by the addition cf 2 volumes of distilled water. The 
insoluble portion was removed by centrifugation at 13,000 X g for 20 minutes. 0.3 
ml. of the supernatant fluid was incubated at 30° together with 0.002 m glucose, 0.01 
uw MgCle, 0.01 wm ATP, 0.05 m NaF, and, as indicated, 0.002 m G-6-P, in a total volume 
of 1 ml. 


the rates in the two vessels to be the same during the second 30 minute 
period. The results with the hexokinases of red blood cell lysate and 
muscle extract indicate that inhibition by G-6-P does not depend on the 
association of hexokinase with particles. It is of interest, in regard to the 
general inhibition of animal hexokinases by G-6-P, to recall that Slein, Cori, 
and Cori (10) have reported that low concentrations of G-6-P do not inhibit 
crystalline yeast hexokinase. It has lately been found in collaboration 
with Dr. D. H. Brown that the activity of this enzyme is reduced only 9 
per cent in the presence of 0.01 m G-6-P. 


DISCUSSION 


The hexokinase of brain homogenates is sedimented predominantly in 
the same range of centrifugal force as are the mitochondria isolated by 
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Brody and Bain (13). The inability. of respiring mitochondrial prepara- 
tions to produce a net uptake of phosphate in the absence of added hexo- 
kinase (13) is probably due to a rapid destruction of ATP by the large 
amount of ATPase in these preparations (2) and to inhibition of the brain 
hexokinase by the G-6-P formed. The localization of brain hexokinase in 
the mitochondrial fraction cannot be taken to indicate a coexistence of 
hexokinase and the oxidative enzymes in the same particles, especially in 
view of the results of de Duve et al. (14) on the separation of liver mito- 
chondria into two enzymatically distinguishable fractions. 

As regards the enzymatic activity of animal hexokinases, the three main 
facts which seem to be established by the experiments above are as follows: 
(1) G-6-P at low concentrations inhibits the hexokinase of a number of 
animal tissues, (2) the accumulation of G-6-P by the action of isolated 
hexokinase progressively decreases the rate of glucose utilization, and (3) 
at least a 100-fold excess of PFK is required to prevent a detectable ac- 
cumulation of G-6-P. A consideration of these three facts makes it seem 
likely that in tissues and tissue preparations in which hexokinase and PFK 
coexist they may form a steady state system. In the discussion to follow 
G-6-P will be taken to represent the equilibrium mixture of hexose esters 
and PFK all of the enzymes utilizing these esters. In the steady state 
condition, G-6-P would be present and would both inhibit hexokinase and 
serve as substrate for PFK. The concentration of G-6-P would be that 
which reduced the rate of glucose phosphorylation to equal the rate of 
G-6-P removal. The demonstrable presence of significant concentrations 
of G-6-P in various tissues (15, 16) supports this view. 

The consequences of the steady state concept for the hexokinase-PFK 
system extend in several directions. 

1. In quantitative determination of the hexokinase content of a tissue, a 
tissue sample is ground or homogenized with a relatively larger volume of 
fluid. The dilution of G-6-P which occurs may be sufficient to reduce the 
inhibition at the beginning of the incubation to a negligible level. . How- 
ever, the ratio of PFK to hexokinase is not changed and during the meas- 
urement of glucose utilization some G-6-P accumulates. Thus there will 
be obtained a progressively falling rate in glucose utilization. The fall in 
rate may, however, be small and pass unnoticed if the dilution is very 
great or the incubation time sufficiently short. 

2. The over-all rate of the steady state system depends solely upon the 
rate of the PFK reaction. Any altération in the conditions which changes 
the total PFK activity will also cause a change in the G-6-P concentration, 
resulting ultimately in a change in hexokinase activity. Thus experiments 
which are designed to observe the effect of an added substance on the rate 
of glucose utilization must be controlled with respect to the possibility that 
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the effect is mediated by a change in PFK activity. Since the displace- 
ment of the steady state conditions will be reflected by a change in the 
G-6-P concentration, analysis for G-6-P can serve to localize the effect. 
It may be added that linear kinetics for glucose utilization do not neces- 
sarily indicate a maximal uninhibited rate. If the PFK-hexokinase ratio 
is such that a small amount of G-6-P can accumulate and the hexokinase 
is active enough to form this amount rapidly, an inhibited steady rate may 
be established too early for analytical detection. This occurs with extracts 
of acetone powders of brain. In these extracts, despite the linear relation- 
ship of time to glucose utilization that apparently prevails, a significant 
(20 to 30 per cent) increase in glucose utilization can be obtained by the 
addition of extra PFK. 

3. It seems not unlikely that the rate of glucose utilization by tissues is, 
in part, controlled by displacements of the steady state condition. On the 
one hand, a faster utilization of G-6-P would result in an increase in 
hexokinase activity. Conversely, a production of G-6-P from other sources 
would result in a decrease. It seems possible that the action of epineph- 
rine in causing a depression of peripheral glucose utilization in animal 
experiments (17-19) and of glucose uptake by the isolated diaphragm (20, 
21) is a result of G-6-P accumulation. It has been found many times that 
administration of epinephrine either in vivo (15) or in vitro (21, 22) results 
in an increase in the G-6-P concentration in muscle. 


We wish to express our gratitude to Dr. Carl F. Cori for his constant 
guidance and encouragement. 


SUMMARY 


More than 90 per cent of the hexokinase activity of homogenates of rat 
and calf brain is associated with the particulate fraction which is sedi- 
mented at 18,000 X g. The particulate material has been fractionated by 
centrifugation and treated with lipase and desoxycholate with a resulting 
45- to 50-fold increase in the specific activity of the hexokinase. The 
purified particulate preparations are free of interfering enzymes. 

Significant proportions of the hexokinase activity of homogenates of 
intestinal mucosa, heart, kidney, stomach, and liver of the rat can be 
sedimented at 18,000 X g. The hexokinase of rat erythrocytes is not 
similarly sedimented. 

Glucose-6-phosphate, in low concentrations, inhibits the hexokinase from 
all of the above sources. Crystalline yeast hexokinase is not inhibited by 
glucose-6-phosphate. The implications of glucose-6-phosphate inhibition 
in various studies on animal hexokinases are discussed. 
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INFRA-RED SPECTRA OF SOME LIPOPROTEINS AND 
RELATED LIPIDES* 
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By means of ultracentrifugal techniques developed in this laboratory and 
reported previously (1) it is now possible to classify the lipoproteins of 
blood serum on a density scale. In this scheme a particular molecular 
species is characterized by its rate of flotation in a given medium and 
under a specified field of centrifugal force. These flotation classes un- 
doubtedly include the same lipoproteins that have been distinguished by 
other methods and called a- and 8-lipoproteins. While the precise relation- 
ship between these two classifications has not been completely established, 
it seems evident that both a- and £-lipoproteins consist of more than 
one ultracentrifugally characterizable species. The manner of designating 
these species will be described later in this paper. 

In studying the chemical constitution of these lipoproteins, some ex- 
ploratory work has been done with infra-red absorption spectrometry. 
The purposes of this paper are to present some of the significant results, to 
discuss their potential usefulness, and to indicate the directions that may 
be taken in further investigations. 


EXPERIMENTAL 


Centrifugal Isolation—Since these methods have been described else- 
where (1), only a brief outline will be given here in order to describe the 
substances being investigated. In routine practice in this laboratory the 
serum density is adjusted in such a way that on preparative ultracentrifuga- 
tion for 13 hours at 81,000 X g the low density (8-) lipoproteins accumulate 
(free of higher density serum proteins) in the top fraction, which has a 
resultant solvent density of 1.0630 (at 26°). Individual species subse- 
quently isolated from this group are designated by their S; rates! in a 
medium of that density. The lipoproteins of higher density are prepared 
in solutions containing heavy water and sodium nitrate for which analo- 
gous S; rate scales have not been employed. These high density species 


* This work was supported by the United States Atomic Energy Commission and 
by the Life Insurance Medical Research Fund. 
1 Svedberg units; the subscript indicates flotation. 
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are believed to correspond to the a-lipoproteins. They have hydrated 
densities of 1.075 and 1.125 and have been tentatively designated L and T, 
since their migrating boundaries are leading and trailing, respectively, in 
the analytical ultracentrifuge pattern. 

Sample Preparation—Since the absorption of infra-red radiation by water 
is extremely intense, it is necessary to study the lipoproteins in the dry (or 
nearly dry) state. Evaporation of a lipoprotein solution on a silver chlo- 
ride plate at room temperature is a satisfactory method of preparing a 
specimen, provided the salt concentration is not too high. No effort has 
been made to fix an allowable upper limit of salt relative to lipoprotein, 
but excessive salt causes a rough or crystalline deposit and consequent 
loss of radiation by scattering. To obtain the spectra of the more dense 
species of lipoproteins, the high salt concentrations (required for their 
preparation in the ultracentrifuge) were reduced nearly to zero by dialysis 
against distilled water. Extended or repeated dialysis tended to cause 
precipitation. 

The common technique of mulling in mineral oil may be employed to 
obtain the spectra of dried lipoproteins in the presence of sodium chloride, 
but sulfates, nitrates, etc., introduce undesirable absorption bands of their 
own. (Bands at about 7.2 and 12 yu in Fig. 1, B are believed to be due to 
residual nitrate ion, incompletely removed by dialysis.) For certain pur- 
poses the oil-mull technique may prove to be useful. 

Molecules of about S; 20 and higher can be driven to the top of a cen- 
trifuge tube in such a way that they separate out in paste form. Often by 
this means they may be concentrated sufficiently with respect to both 
water and salt so that the resulting paste can be examined directly as a 
film squeezed between two silver chloride plates. In some cases further 
drying is either necessary or desirable. 

Spectrometric Measurements—All of the spectra were recorded with a 
Baird Associates model B double beam spectrophotometer equipped with 
a sodium chloride prism. Thicknesses of the lipoprotein films prepared as 
described above are not accurately known, but the amounts of dry sub- 
stances in the films are approximately 1 to 2 mg. per sq.cm. The carbon 
disulfide solution spectra were all run in a cell of 0.5 mm. thickness and at 
concentrations in the range from 10 to 30 mg. per cc. Gaps in the solution 
spectra are regions obscured by carbon disulfide absorption. 

Reference Materials?— 

1. 8,-Lipoprotein. Obtained by the Cohn fractionation procedure and 
provided by Dr. J. L. Oncley of the Department of Physical Chemistry, 
Harvard Medical School (2). 


2 The authors are greatly indebted to Dr. Oncley, Dr. Baer, Dr. Carter, and Dr. 
Thannhauser for the materials generously provided by them. 


na <a. viend> Kole De le i et oa 





wWwieaa 


ted 
iT. 


» Mm 


iter 

(or 
hlo- 
ga 
has 
ein, 
ent 
nse 
heir 
ysis 
use 


| to 
ide, 
heir 
2 to 
yur- 


en- 
. by 
oth 
iS a 


cher 


ha 
vith 
1 as 
sub- 
bon 
1 at 
tion 


and 
try, 


Dr. 





FREEMAN, LINDGREN, NG, AND NICHOLS 295 


2. Ovalbumin. Recrystallized three times. 

3. Dimyristoyllecithin. Synthetic compound prepared by Dr. Erich 
Baer of the Banting and Best Division of Medical Research, University of 
Toronto (3). 

4. Egg lecithin. Reprecipitated ten times with acetone. 

5. Sphingomyelin. Two samples of purified sphingomyelin from differ- 
ent sources gave virtually identical spectra. One was furnished by Profes- 
sor H. E. Carter, Division of Biochemistry, University of Illinois (4); the 
other by Professor 8. J. Thannhauser of the Boston Dispensary, New 
England Medical Center (5). 

6. Cholesterol. Commercial, recrystallized. 

7. Cholesteryl palmitate. Prepared in this laboratory by direct esterifi- 
cation according to Page and Rudy (6). 

8. Vegetable oil. Commercial refined salad oil. 


RESULTS AND DISCUSSION 


Lipoprotein Spectra—In Fig. 1 are shown the spectra of some representa- 
tive lipide-bearing aggregates isolated from human serum by preparative 
ultracentrifugation. The L, T, and S; 6 lipoproteins are normal serum 
constituents and appear to be definite molecular species in so far as the 
moving boundary criterion is applicable. Lipoproteins having 8S; values 
greater than 20 are either transient or variable constituents which con- 
tribute to lipemia. These vary from time to time and from individual] to 
individual. Often the ultracentrifugal pattern allows the assignment of 
specific S; values greater than 10; however, the peaks are apt to be broad, 
and for purposes of isolation it is generally more convenient to consider a 
class of molecules defined by an §; range. This practice is illustrated by 
the designation of a typical sample as S; 40 to 100. Chylomicrons have 
S$, rates of about 40,000 and may not be lipoproteins in the usual sense, 
but are included as a centrifugally isolable substance which represents a 
logical extreme of the lipoprotein sequence. 

The spectra in Fig. 1 are given in the order of increasing flotation rates . 
of the substances represented. The order is also that of increasing lipide 
content. There are two prominent absorption bands which serve to indi- 
cate this progressive change in molecular composition. One is the absorp- 
tion by ester carbonyl groups at 5.8 yu, this band being comprised of con- 
tributions by glycerides, cholesteryl esters, and certain phospholipides, 
including the most abundant ones, the lecithins. The other is the absorp- 
tion band of C-—H groups at 3.4 to 3.5 4, mainly attributable to fatty acid 
chains (of the various esters) and cholesterol. Both of these bands increase 
in relative intensity in going down the series. The principal protein ab- 
sorption bands (see Fig. 4) are those of the peptide group: N——-H stretching 
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at 3 4; C=O stretching at 6.1 »; and a third band exhibited by N-mono- 
substituted amides at about 6.5 u, which has been tentatively assigned to 
an N—H bending vibration (7). (It should be mentioned at this point 
that sphingomyelin, which is believed to be a minor constituent of the 
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Fig. 1. Infra-red spectra of the principal lipoprotein species isolated from human 
serum by preparative ultracentrifugation. Comparisons with similar entities are 
shown in C, D, and E. Samples prepared as films on silver chloride plates, with the 
exception of olive oil. The latter is a film between salt plates. 








molecule, absorbs at 6.1 and 6.5 u also because it is an amide rather than 
an ester. Its spectrum has been included in Fig. 4.) The intensities of 
these bands relative to the C—H and ester C=O bands diminish in the 
same sequence. This crude index of the lipide-protein ratio is probably 
the most significant inference that can be drawn from the spectrum of an 
“intact” lipoprotein, although other indications regarding the types of 
lipides may be discernible and will be discussed below. 

A comparison is afforded in Fig. 1, C between the spectra of similar 
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lipoproteins prepared in different ways. The sample designated ;,-lipo- 
protein is a film dried from material obtained originally in paste form (see 
‘Reference materials’). It was found by ultracentrifugal analysis to con- 
sist principally of molecules with a flotation rate of about S, 6 and smaller 
amounts of species S; 6 to 20. The S; 6 molecule is the most abundant 
lipoprotein species in normal human serum. The two spectral curves are 
qualitatively similar in that the same absorption bands are present in both 
with about the same relative intensities. (The apparent difference in over- 
all absorption results from the difference in film thickness.) 

Another pair of samples which are ultracentrifugally similar is repre- 
sented in Fig. 1, D. These are moist films, and the presence of water is 
indicated by strong absorption at 3 yu, 6 pw, beyond 11 yu, and a low trans- 
mission level throughout. 

In Fig. 1, EF the spectrum of centrifugally prepared chylomicrons is 
compared with that of a representative vegetable oil. The latter is a film 
between sodium chloride plates, whereas the paste of moist chylomicrons 
was dried to a film on silver chloride. The sloping background which is 
apparent in the first portion of the chylomicron spectrum is a result of the 
combined effects of the silver chloride backing plate and the light-scattering 
properties of the deposited film. The only other significant difference is 
the occurrence in the chylomicron spectrum of an absorption band at about 
10.3 ». This band might be explained if the chylomicronemia had been 
produced by the ingestion of margarine or other hydrogenated fat. Such 
fats are partially elaidinized (8), and the resulting double bond configura- 
tion (geometrically trans) is characterized by infra-red absorption at 10.35 
u (9). Natural unsaturated fatty acids (geometrically cis) and their esters 
in general do not exhibit this band. 

Table I summarizes the principal lipoprotein absorption bands and their 
most probable interpretations in terms of structure. Some further aspects 
of this correlation are discussed in the following section. 

Molecular Constituents—In order to interpret the absorption bands which 
are not patently assignable to localized configurations of atoms (i.e., C—H, 
C=O, etc.), direct comparisons are made with the spectra of the known 
major lipoprotein constituents. This has been facilitated by a simple frac- 
tionation of the lipoprotein with solvents. By such means the protein and 
lipides may be separated and their individual spectra compared with those 
of reference materials. The extraction has been performed by allowing 
the appropriate solvent to flow over the dried film and collecting the wash- 
ings in a small beaker. The solvent was evaporated and the extract dis- 
solved in CS, for running its infra-red absorption curve. The results of 
such an extractive procedure with egg lipoprotein are illustrated in Fig. 2. 

The spectra of a lipoprotein film, the film residues after each successive 
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extraction, and the two lipide fractions removed from the original material 
are shown in Fig. 2. It was anticipated that acetone would remove fat, 
cholesteryl esters, and cholesterol, and the mixture of alcohol and chloro- 
form would take out phospholipides. In Figs. 3 and 4 the spectra of some 


TaBLeE I 


Assignment of Principal Lipoprotein Absorption Bands to Molecular Constituents and 
Group Vibrations 





Lipoprotein band Molecular constituent* Intramolecular group vibrationt 
B | | er nt 
3.0 Protein, phospholipide (cholesterol) N—H, O—H (stretching) 
3.4-3.5 | All lipides (protein) | C—H (stretching) 
5.8 Fats, cholesteryl esters, phospho- | C=O, ester (stretching) 


lipides (except amide type) 





se snares (Gphingomyelia) | —CONH—, amide 
6.8 | All | CH, CH; (bending) 
7.25 es | CH; (bending) 
8.1 | Phospholipides (other esters) P=O (?) 
8.55 | Cholesteryl esters ‘ 
an Fats (lecithin) C—O, eater 
9.2-9.4 | Phospholipides (cholesterol, 9.54) © P—O—C (?) 
10.3 Lecithin (sphingomyelin) ? 
13.8 Fats, cholesteryl esters, phospho- CH, (chain) 

lipides 


* The substances listed in parentheses in this column contribute to the absorption 
at the designated wave-length in lesser or insignificant amounts, either because they 
have weak bands there or because they are present as relatively small fractions of 
the molecule. The cholesterol band listed in this manner is not discernible in the 
spectra. 

{+ Most of these group assignments are well known as the result of extensive 
correlations of spectra with molecular structure. See, for example, Randall et al. 
(14) and Colthup (15). 

¢ These absorption peaks of cholesteryl esters and fats are about 0.1 » apart, and 
are unresolvable if both are present. If the band position is observed at one or the 
other extreme of this small range, it may indicate the predominance of the corre- 
sponding lipide type. Furthermore the cholesteryl ester band is generally sharper. 





lipoprotein fragments are compared with those of appropriate reference 
materials. ‘The suitability of any of these reference materials is dependent 
on spectral constancy within the class it represents. We have studied the 
infra-red spectra of several fats and cholesteryl esters and found that (in 
CS, solution) differences in fatty acid composition do not appreciably alter 
their major characteristics. For example, the cholesteryl esters of lauric, 
palmitic, stearic, oleic, and linoleic acids all show a pair of absorption 
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bands at 9.7 and 9.9 » which are not exhibited by any glycerides. Like- 
wise dimyristoyl-, dipalmitoyl-, and distearoyllecithins all have essentially 
similar spectra, and, as may be seen in Fig. 3, they are also virtually in- 
distinguishable from those of purified egg lecithin. The spectra of different 
proteins have an over-all similarity also. With the spectral resolution 
employed here, and for the purpose of distinguishing protein from lipide, 
they may be considered identical. 
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Fig. 2. Infra-red absorption curves of substances obtained in serial extractions of 
a lipoprotein film with acetone and 1:1 alcohol-chloroform. A, (a) moist film; (b) 
dried film; (c) acetone-washed film; (d) film washed with 1:1 alcohol-chloroform; 
B and C are CS: solutions. 


The spectrum of the acetone extract from 8; 40 to 100 lipoprotein re- 
sembles that of the glycerides, although by chemical analysis it is known 
to contain small amounts of cholesterol, both free and esterified. From 
the spectra of mixtures it has been shown that the presence of a 3-fold 
excess of fat can effectively mask the absorption band of cholesteryl esters 
at 9.9 ». Hence it can only be stated qualitatively that fat predominates 
in the extracted mixture. The acetone-soluble material from S, 6 lipo- 
protein, however, gives a curve (Fig. 3) which is essentially that of a 
cholesteryl ester plus the contribution of a band at 9.5 » from unesterified 
cholesterol. In this curve small amounts of fat may escape detection. 

From all fractions of human serum the acetone-insoluble fractions appear 
to yield similar infra-red spectra. These resemble the spectra of both 
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synthetic and egg lecithins, and this observation is in agreement with the 
reported phospholipide composition of human serum (about 80 per cent 
lecithin) (10). The spectra of cephalins (11) and sphingomyelins are such 
that these compounds would be difficult to identify in a mixture containing 
an excess of lecithin. All three have similar strong absorptions in the 8 
and 9 to 9.5 » regions which are undoubtedly attributable to the phosphoric 
acid ester structure (12). Cephalins do not have a distinct band at 10.3 
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Fic. 3. Comparis 9n of the spectra of extracted lipides with spectra of reference 
compounds. Spectra in CS: solution, A, upper, vegetable oil (commercial); lower, 
acetone-soluble lipides from egg lipoprotein; B, upper, acetone-insoluble lipides from 
egg lipoprotein; middle, egg lecithin (chemically purified); lower, synthetic dimyris- 
toyl lecithin; C, upper, cholesteryl palmitate; lower, acetone-soluble lipides from 
61-lipoprotein from serum (Harvard sample). 


nu, and, as mentioned above, sphingomyelin has amide bands at 6.1 and 
6.5 » rather than that of the ester at 5.8 u. 

The spectrum of the protein residue serves not only for identification, but 
to show whether or not the lipides (esters) have been completely removed 
by the solvents. In one of the two protein residue curves in Fig. 4 a weak 
ester carbonyl band is still present at 5.8 u, revealing the presence of a 
small amount of unextracted lipide. Further washing usually removes 
such residual lipides. 

Analytical A pplications—It is possible to make a semiquantitative esti- 
mate of lipoprotein composition in terms of its major constituents by the 
use of intensity measurements at appropriate spectral positions in the ab- 
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sorption curves of Fig. 2. If after evaporation of solvents the lipide ex- 
tracts are dissolved in measured volumes of CS, and the spectra obtained, 
concentrations of the individual components in these solutions may be 
determined from suitable calibration curves (absorbance versus concentra- 
tion). From these data the actual quantities of extracted lipides can be 
calculated. The acetone-soluble lipides are calculated as cholesteryl esters 
or as fat, whichever is indicated as predominant by a visual inspection of 
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Fig. 4. A, comparison of the spectra of protein residues from extracted lipopro- 
teins with the spectrum of a simple protein; upper, protein residue, S; 6 lipoprotein; 
middle, ovalbumin; lower, protein residue, egg lipoprotein; B and C, spectra of other 
reference compounds which are present as small fractions of the total lipoprotein 
molecule. Cholesterol in CS: solution; sphingomyelin as a solid film. 


the curve. If a distinct band appears at 9.5 u, unesterified cholesterol may 
also be estimated. A spectrophotometric three component analysis of this 
fraction has been considered, but the overlapping of principal ester absorp- 
tion bands at 5.8 and 8.6 uw and the relative weakness of others make this 
an unfavorable system for this treatment. Furthermore small amounts 
of phospholipide are undoubtedly present in this extract. The acetone- 
insoluble lipides are calculated as lecithin. In order to determine the 
amount of protein, a lecithin-protein ratio is obtained from the relative 
intensities of the absorption bands at 5.8 uw and 6.5 y in the spectrum of 
the acetone-extracted residue. This necessitates a calibration of these 
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band intensities from a series of lecithin-protein films of differing composi- 
tion. If now the sum of the measured components is regarded as the 
approximate total amount of material originally present in the film, a 
percentage composition can be obtained in terms of protein, phospholipide, 
esters, and in some cases unesterified cholesterol. If the content of un- 
esterified cholesterol is so low that it cannot be estimated, its neglect will 
not greatly alter the percentage figures for the other components. Sphin- 
gomyelin is also neglected. 

Some analytical results obtained by this method are given in Table II 
and compared with published values for similar species determined chem- 
ically. These data indicate that the right order of magnitude is given for 


TaBLeE II 

Lipoprotein Analyses by Infra-Red Absorption; Comparison with Previously Published 
Values 

The results represent gm. per 100 gm. of lipoprotein. 





| Phospho- Cholesteryl Cholesterol 








Protein | lipide | esters (unesterified) 
8,-Lipoprotein (Harvard sample) | 26 | 29 | 44 8 
| 29 | 24 42 5 
Values reported by Harvard group* | 23.0 29.3 39.1 8.3 
S; 6 lipoproteins (isolated centrifugally)| 
Preparation 1 : | 33 | 22 43 2 
- 2 |. @ 27 46 t 


* Oncley, Gurd, and Melin (2). These are average values obtained from several 
preparations. Our results for the Harvard material are for duplicate samples of a 
single preparation. 

¢ Cholesterol band not distinguishable. 





the major constituents. A considerable part of the discrepancy may result 
from the failure of our method to account for sphingomyelin. In view of 
this and certain other recognizable defects this method cannot be considered 
in its present form to approach the accuracy of chemical methods. Never- 
theless, it has the virtues of simplicity and applicability to small quantities, 
and the prospects for improvement in accuracy are hopeful. 

While it is in need of refinement, this method illustrates the potential 
usefulness of infra-red spectrometry in lipide analysis generally. With a 
view toward the development of an integrated system of lipide analysis 
from this approach, we have attempted to analyze lipide extracts from 
serum, serum fractions, lymph, etc., by essentially the same procedure. 
In these cases, however, only the solution spectra of the two lipide fractions 
are needed, since proteins have been excluded from the system. Similar 
results have been obtained which can at best be regarded as semiquantita- 
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tive. It is pertinent to point out the shortcomings, therefore, and the 
areas in which improvement is being sought. 

1. Further evaluation of materials to be used as reference standards is 
needed. Spectral variability within classes must be reexamined more crit- 
ically as accuracy improves in other respects. 

2. Consideration should be given to the presence of minor constituents 
and of contaminating substances which may be unidentified. A prerequi- 
site for a successful quantitative analysis by infra-red methods is a knowl- 
edge of all constituents in the mixture and the character of their absorption 
spectra. Lipide extracts from serum have been found to contain sub- 
stances which so far have not been fully characterized. 

3. Probably the most serious defect of the method is the inadequacy of 
the separation achieved by the crude extraction procedure employed. It 
has been found that as much as 15 per cent of the total phospholipides can 
be carried into the acetone-soluble fraction, and in cases of films which 
contain relatively large amounts of protein there is often evidence of “ace- 
tone-soluble”’ lipides in the phospholipide fraction. Current effort is being 
directed toward the accomplishment of better separations by adsorption 
techniques such as have been reported recently by Borgstrém (13). A 
sufficiently good separation will either avert the problem of multicom- 
ponent analysis or at least yield sets of lipides that are more amenable to 
this treatment. It should also aid in the elimination of extraneous inter- 
fering substances. 


SUMMARY 


The infra-red absorption spectra of some ultracentrifugally isolated se- 
rum lipoproteins and those of some related lipides have been presented and 
discussed. In a lipoprotein spectrum the relative intensities of the ester 
carbonyl band and certain strong bands of proteins can serve as a rough 
gage of the lipide-protein ratio. 

Other absorption bands have been correlated with those of the principal 
component molecules making up the lipoprotein. 

A rudimentary method for quantitative analysis of these molecules and 
of lipide mixtures by infra-red methods has been described. Needed im- 
provements have been suggested. 
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ON THE HETEROGENEITY OF THE 
DESOXYRIBONUCLEIC ACIDS* 
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(From the Laboratories of the Sloan-Kettering Institute for Cancer Research, 
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(Received for publication, December 1, 1952) 


Current ideas concerning the biochemistry of the nucleic acids have been 
strongly influenced by a number of recent developments. It has been 
found in several laboratories (1-4) that the amount of desoxypentose 
nucleic acid (DNA) in mammalian diploid cells is essentially constant 
throughout a number of tissues of a given species, but that this content 
varies from species to species. It has been pointed out, moreover, that 
the DNA content of diploid cells is twice that of haploid cells. 

Other studies have dealt with an analysis of the composition of the nu- 
cleic acids, and it has been concluded that the DNA’s are, in their base 
composition, characteristic of the species from which they are derived (5), 
the composition being constant for different tissues of a given species (4-6). 
On the other hand, the content and composition of the pentose nucleic 
acids (PNA) show no such regularity. 

In view of the reported constancy in amount and composition of the DNA 
in cells of an individual animal, it would not, perhaps, be unreasonable to 
expect that there might also be a uniformity in origin, metabolism, or 
turnover of the total DNA from different organs of that animal. The ex- 
periments described here were designed to explore this possibility. 

In the course of this study, it was found that the DNA of many, but 
not all, organs of the adult male rat could be separated into at least two 
fractions, differing in solubility in 0.87 per cent NaCl. 

Chemical and physical characterization which could satisfactorily dis- 
tinguish between the DNA fractions from any one source are under study. 
However, it seemed possible that metabolic differences between the forms 
and between the individual bases might be expected. Accordingly, the up- 
take and apparent retention of the isotope of C-labeled formate into the 
bases of these fractions as well as into the PNA were followed. The results 
not only show that the DNA of any one organ is not metabolically homo- 
geneous, but that the individual bases of the nucleic acids of a given organ 


* This investigation was supported by grants from the National Cancer Institute, 
National Institutes of Health, United States Public Health Service, and from the 
Atomic Energy Commission, contract No. AT (30-1)-910. 
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are renewed at dissimilar rates, and that the pattern of renewal varies 
from organ to organ. A preliminary account of some of these findings 
has already appeared (7). 


Methods 


Isolation of Nucleic Acids—Adult Sherman strain, male rats, varying in 
weight from 250 to 340 gm., were exsanguinated under ether anesthesia; 
the internal organs were quickly removed, frozen in dry ice-alcohol, and 
homogenized in alcohol, alcohol-ether, and ether, and dried. The tissue 
powder was taken up in 20 volumes of 10 per cent NaCl and the resulting 
suspension was continuously stirred at 85° for 6 hours. The washed tissue 


TABLE [ 


Isolation and Fractionation of Nucleic Acids from Various Organs of Adult Male Rat 


Mixed sodium 


nucleates, per Total DNA, per ati, DNA 

contol died | gatotmised | Ratio awa, 
MEME ENN Os nie katt ys lhe een 5.5 34 0.7-1.7 
C2 CA abi xe te eee aaa 6.0 36 1.7-2.4 
Small intestine.............. Rare 8.0 37 4.8 
Normal liver... 2224.05... eeiaie. 8.6 lit . 
Regenerating livert........ re 8.6 25 2.9-3.5 
“CLS ST ae ee ee a hae 9.9 46 3.0 
MMII en ae ees Pe te aS ot 10.0 34 2.0-3.0 
LCT 2 Ca ae ar ncn bay: 12.3 15 1.0 


* Only DNAz could be isolated from normal liver. 
+ The livers were examined 3 and 26 days following partial hepatectomy, and the 
values obtained were essentially the same at both times. 


residue failed to respond to the orcinol or diphenylamine reactions. 3 
volumes of ethanol were added to the combined filtrate and washings. 
The precipitated sodiwm nucleates were collected after chilling overnight 
and were washed with ethanol and ether and dried. The sodium nucleates 
were suspended and stirred for 10 to 15 minutes in 10 volumes of 5 per cent 
NaCl at 85°, and the resulting solution was then clarified by filtration. 
Sodium nucleates were again recovered after precipitation with alcohol, and 
the precipitate was washed with alcohol, alcohol-ether, and ether and dried 
at room temperature in vacuo over P:O;. The average yields of sodiwm 
nucleate are listed in Table I. The biuret test on the nucleates was nega- 
tive. : 

Fractionation of Nucleic Acids—The method of isolation and fractiona- 
tion of the nucleic acids is summarized in the flow diagram (Fig. 1). The 
DNA fraction insoluble in 0.87 per cent NaCl was obtained as follows: 
400 mg. of mixed sodium nucleates were suspended in 40 cc. of chilled 0.87 
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per cent NaCl and the mixture was vigorously stirred for 18 to 20 hours 
(all procedures were carried out in a cold room, average temperature 3-5°). 
The mixture was centrifuged at about 20,000 X g in an angle centrifuge 


for 1 hour. Except for normal liver, all the tissues listed above yielded a 
sediment, designated DN Ai. 


The DNA, fraction from testis consisted of a single layer of a relatively 
dense, white, opaque sediment, whereas that from the other organs con- 


Fresh Tissue 
10% NaC! | 85°C. 


v v 
Tissue Extract 


Residue | 3 vols. ethanol 


Sodium Nucleates 
0.87% NaCl | O- 3°C. 

















V 














Sediment Supernatant 
ON Som a 
Sediment Sammon 
DNA © BoOH) 2} ethanol 
PNA 


Ba nucleotides 
Fig. 1. Isolation and fractionation of nucleic acids 


sisted of two layers; the lower layer resembled the one from testis and the 
upper layer appeared jelly-like and translucent. No attempt was made, 
in the present study, to examine the two layers of the DN A; fraction sepa- 
rately. 

The sediments were washed twice with 40 ec. of 0.87 per cent NaCl and 
once with half this volume and were recovered after washing with ethanol 
and ether and were dried. The clear supernatant fluid and the saline 
washings were combined and treated with 3 volumes of ethanol. The 
precipitated nucleates were recovered as described above. ‘The 0.87 per 
cent NaCl-soluble DNA fraction (designated DNA») was separated from 
the PNA by an adaptation! of the Schmidt-Thannhauser alkaline hydrol- 


' Roll, P. M., in preparation. 
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ysis method (8). By this procedure, the PNA fraction is obtained as 
barium mononucleotides and the DNA; fraction is obtained as the free acid. 
The average yields of total DNA from the mixed sodium nucleates are 
included in Table I. The ratios of DNA, isolated to that of DNA» are 
given in Table I. 

As a measure of the degree of cross-contamination, paper and column 
chromatograms of acid hydrolysates were examined for the presence of 
thymine in the PNA and of uracil in the DNA’s. In no instance was there 
evidence of the presence of thymine in the PNA fractions or of the presence 
of uracil in the DNAz fractions. 

The DNA, fractions were free of contamination by uracil, except for 
possible traces in the fractions from small intestine and spleen. Paper 
chromatograms of hydrolysates of the DNA, from all organs revealed a 
typical pattern for DNA uncontaminated by detectable amounts of uracil, 
whereas a small peak in column chromatograms resembling but not defi- 
nitely established as uracil was found only in small intestine and spleen. 
Assuming these small peaks to be due to uracil, the extent of contamination 
was estimated to be less than 1 per cent of the total cytosine and thymine 
present. 

Even when long, efficient columns were employed, the presence of sig- 
nificant amounts of 5-methylceytosine (9) was not detected in any of the 
fractions. 

Isolation and Separation of Bases—The DNA and barium PNA nucleo- 
tide fractions were converted to free bases by hot perchloric acid hydrol- 
ysis (10) and separated on Dowex 1 ion exchange columns.! In some 
instances, separation of the mononucleotides of PNA was effected on Dowex 
1 columns (11) without prior conversion to bases. The isolated mono- 
nucleotides then were hydrolyzed with dilute HCl to free bases and the 
free bases rechromatogramed; radioactivity measurements revealed no sig- 
nificant difference in results between the two methods. 

The fractions containing free base were concentrated separately on 
Dowex 1 columns and eluted with dilute HCl. The HCl was removed by 
repeated concentration in vacuo below 50°, and the crystalline residues were 
taken up in water and made up to known volume. The concentration and 
purity of the bases were determined by ultraviolet spectroscopy. 

Determination of C Activity—On aluminum planchets, 10 sq. em. in 
area, coated by washing with machine oil in ether, 0.500 + 0.003 cc. of 
aqueous solutions of the bases was spread so as to occupy an area of about 
5 sq. cm. The solutions were evaporated to dryness under an infra-red 
lamp, and the radioactivities were determined in an internal Geiger-Miiller 
flow counter (Radiation Counter Laboratories, mark 12, model 1, helium- 
isobutane gas). There was, within 1 to 2 per cent, a linear relationship 
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between counting rate and concentration of base in the range 0.05 to about 
1.5 uM, indicating that “infinite thinness” conditions were achieved in this 
range. For samples with a counting rate of about 30 c.p.m. or greater, 
reproducibility to less than 5 per cent was obtained. For counting rates 


less than 30 c.p.m., the probable errors in counting varied between 5 and 
10 per cent. 


EXPERIMENTAL AND RESULTS 


Normal Rats; Mixed Organs—Eight male, Sherman strain rats, weighing 
a total of 2268 gm., received a total of 2 X 10’ c.p.m. of C'-formate? by 
single daily intraperitoneal injections for a period of 3 days. Throughout 
the experimental period, the rats were permitted access to their usual lab- 
oratory diet of Purina animal chow. Half the animals were sacrificed 1 
day after the last injection, and the remaining rats were sacrificed 23 days 
later. The procedure for sacrifice, treatment of organs, and preparation 
of nucleic acids, etc., was as described above, except that the internal 
organs were pooled. 

The results of this survey are listed in Table II. The uptake of C“ in 
cytosine and uracil was extremely low and is probably due to a conversion 
of formate to carbon dioxide (12) and its subsequent incorporation (13) 
after considerable dilution with respiratory carbon dioxide. 

The incorporation of isotope into the DNA; and DN A, purines was about 
twice that into thymine and about 40 to 60 times greater than into cyto- 
sine. The radioactivity of PNA adenine was approximately twice that of 
DNA adenine, while that of the PNA guanine was about 30 to 35 per cent 
greater than that of DNA guanine. These results closely parallel those of 
a previous experiment (14) in which the administration of C'-formate to 
rats was for a shorter period and in which a different isolation and frac- 
tionation procedure was used. 

A comparison of DNA; and DNA; (Table I) reveals small, but probably 
significant, differences between the two fractions in that there was a smaller 
incorporation of C in DNA» thymine and adenine than in DNA, thymine 
and adenine and a smaller incorporation of C into DNA» adenine than in 
DNA: guanine, whereas no such difference is seen in DNA, adenine and 
guanine. 

The apparent retention (expressed as the 24 day value X 100 per cent 
divided by the value for 1 day) of isotope in the purines of PNA was very 


* Obtained from the Oak Ridge National Laboratory; sodium formate, 0.28 mm 
per me. of C', dissolved in 0.775 ce. of dilute alkali. Aliquots of this stock solution 
were appropriately diluted with 0.87 per cent NaCl for injection. The solution gave 
4.15 X 108 ¢.p.m. per millimole of formate when determined on infinitely thin speci- 
mens in the counter employed in all the determinations. 
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similar to that in DNA. The small differences in apparent retention are “a 
not considered to be very significant. (51 
Rats with Regenerating Liver—Partial hepatectomies were performed by the 
the Higgins-Anderson technique’ (15) on ten male adult rats with an aver- me 
age weight of 256 gm. (range 233 to 300 gm.). Approximately 70 to 75 gre 
per cent of the estimated weight of the livers (16) was removed. About 
3 hours after the operation and 1 and 2 days later, radioactive formate tio 
was injected intraperitoneally. A total of 2.6 & 108 ¢.p.m. of C'-formate? ant 
rat 
TaBLeE II «ti 
Incorporation and Apparent Retention of C'4-Formate in Nucleic Acids of Mixed 10! 
Internal Rat Organs* 
| DNA | PNA 
| aie as D 
Fraction | After last ictbians Apparent iat last injection Apparent 
1 day 24 days per cent 1 day 24 days per cent 
Cytosine...... both 1.3f 0 1.0 0 
. RE. 2 0.8+ 0 | 
S051 eee 1.2 0 
Thymine...... 1 31.2 3.6 12 Thy 
a ee 2 | 22.5 3.2 14 
Adenine.......| 1 63.0 6.4 10 108 9.5 9 Ade 
Berke avid 51.2 6.5 13 , 
Guanine....../ 1 63.3 6.3 10 80.9 Sea 10 Gua 
Le lcs | 2 61.5 7.2 12 { 
* Radioactivity in counts per minute per micromole. ? 
+ The difference between the cytosines of DNA: and DNA¢z is probably not sig- 
nificant. tio 
a ms 340 
was administered. Half of the animals were sacrificed 1 day following the ion 
last injection and the remaining half were sacrificed 23 days later. vid 
The results of this experiment are given in Table III. It is seen that the T 
isotope level in the purines of the DNA’s was about 2 to 4 times greater of ¢ 
than that in the thymine and a little lower than that in the PNA purines. 4 
The differences in radioactivity between DNA; and DNAz are considered a 
to be significant: the DNA, thymine activity was 30 per cent greater and sple 
the DNA» adenine activity was 23 per cent greater than the respective =a 
DNA, bases. However, the DNA; guanine activity was 25 per cent greater inte 
than that of DNA,. <A further metabolic difference between DNA, and Tak 
DNAz is seen in a comparison of the apparent retention of isotope in the orgs 
3’The authors are indebted to Dr. P. Drochmans for aid and guidance with the ft 
partial hepatectomies. rete 
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adenine and guanine fractions. There was an equal apparent retention 
(55 to 57 per cent) of isotope in the adenine of DNA; and DNAg, whereas 
the apparent retention was 82 per cent in DNA: guanine and 56 per cent 
in DNA, guanine. The apparent retention in PNA guanine was much 
greater than in PNA adenine. 

Normal Rats; Individual Organs—In a previous study (17), wide varia- 
tions were observed in the incorporation of C-formate into the nucleic 
acids of a number of internal organs of the rat; the incorporation was 
rather low for liver, kidney, and testis. It was necessary, therefore, to use 
a larger dose of formate than that employed previously. A total of 1.8 X 
10° c.p.m. of C'*-formate? was administered by daily intraperitoneal injec- 

















TaB_e III 
Incorporation and Apparent Retention of C'4-Formate in Regenerating Rat Liver* 
ehibsete a ac ee A ee ee ec ee 
DNA PNA 
een After last injection Apparent After last injection Apparent 
No. ‘pees —~— retention, 
tday | 24 days | per cent iday | 24days | Per cent 
WM VHINO rotenone 1 131 | = 120 92 
ROM © sabersent Mimrere, 2 186 | 158 85 
AdeHING: 2c 5% 1 410 | 225 | 55 591 41 a 
as sear 2 534 | = 306 57 | 
Guanine. ..:....... 1 498 | 279 | 56 | 518 | 6 | 13 
ER 33 ere fare | 2 372 | 305 | 82 | 





* Radioactivity in counts per minute per micromole. 


tion for 3 days to twenty adult male rats averaging in weight from 250 to 
340 gm. Half the animals were sacrificed 1 day following the last injec- 
tion and the remaining animals were sacrificed 23 days later. The indi- 
vidual organs were treated in the manner outlined above. 

The results of this experiment are given in Table IV. In confirmation 
of the results of previous studies (17, 18), there was considerable variation 
in the uptake of isotope in the various organs. The greatest uptake of 
isotope in the DNA fractions was observed in small intestine, followed by 
spleen and pancreas; the values for kidney, normal liver, and testis DNA 
were lower. The isotope values for the DNA fractions from brain were 
too low to be statistically significant and are therefore not included in 
Table IV. The order of uptake of isotope in the PNA fraction of these 
organs did not, however, parallel that for DNA in all cases. 

There was a greater incorporation, and, in general, a smaller apparent 
retention of isotope in the PNA than in the DNA’s. The ratio of incor- 





TABLE IV 
Incorporation and Apparent Retention of C*-Formate in Individual Organs of Adult 




















Male Rat* pe 
DNA PNA tr 
fo 
Organ — . Frac- oe oR Apparent pov a ory Apparent al 
tion ki retention, _ retention, th 
oO. per cent per cent “ 
1 day 24 days 1day 24 days in 
ae ae : re 
Small intestine Thymine 1 614 25 4.1 th 
$5 2 779 : 4.2 
| Adenine | 1 | 1850 : 2.4 | 3310, 62 1.9 ee 
a ee 1920 5 2.0 
| Guanine | 1 | 1950) 40 2.1 | 2899! 78 2.7 di 
. | 2 | 1340) 48 | 3.6 | ar 
Spleen Thymine | 1 | 255 50 | 20 | | te 
‘ 2 293 63 | 22 | | ty 
‘Adenine | 1 | 595| 66 | 11 |1800| 92 | 5 ea 
2 2 | 574} 32 | 6 | | “ 
Guanine 1 505 75 | 15 1390 106 | 8 | 
“ 2} 550| 82 | 15 | th 
| tri 
Pancreas Thymine | 1 113 59 | 52 | D 
_ 2 | 107] 41 | 38 | : 
Adenine | 1 | 383 | 159 42 714| 173 | 24 bes 
" 2 | 354] 125 | 35 | ki 
Guanine | 1 | 326; 130 | 40 625| 133 | 21 
“ 2 | 227) 96 | 42 | en 
Kidney Thymine | 1 32 21 | 66 | of 
i 2 28} 26 | 93 | In 
Adenine 1 193 75 | «639 2760 | 364 | 13 D 
«“ 2 | 75) 69 | 92 : 
Guanine 1 190 | 124 | 65 1230 | 508 | 41 
«“ | 2] 80] 93 116 | 
Braint Adenine | 0 | 0 | 116 53 46 
| Guanine 0 | 0 | 90 46 51 
ick ae | ou 
Normal liver{ | Thymine 2 38 | 20 | 3588 | ~ 
| Adenine | 2 127 | 19 | 5 | 456 46 10 a 
|Guanine | 2 | 98/ 32 | 33 | 389) 82 | 13 th 
Testis | Thymine | 1 113; 96 | 85 | | 2 
} « 2| u7| 72 /| 62 | | = 
|Adenine 1 | 141, 115 | 82 600} 148 25 the 
% 2 , 108) 113 | 105 | as 
Guanine | 1 151 | 103 68 439 138 = 31 60 
a 2 | 115}; 102 | 89 ae 
* Radioactivity in counts per minute per micromole. M 
t Isotope uptake in brain DNA too low for accurate measurement. sol 
t Only DNAz could be isolated from normal liver. SOI 
312 D) 
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poration of C™ into the PNA purines to that of the DNA purines varied 
from about 1.7 and 2.0 for small intestine and pancreas to about 10 or 20 
for kidney. This ratio for normal liver, testis, and spleen varied from 
about 3 to 5. In most instances, the retention of isotope was greater in 
the guanine than in the adenine of the PNA’s and this paralleled the smaller 
incorporation of C™ in the guanines. The greatest difference in apparent 
retention of isotope in the PNA fractions is seen in the case of kidney, since 
there was, in this organ, an apparent retention of 41 per cent for guanine 
compared to 13 per cent for adenine. 

Significant differences between the DNA; and DNAz fractions from in- 
dividual organs are seen in the unequal uptake of isotope in the thymine 
and guanine of small intestine, the adenine and guanine of kidney and 
testis, and the guanine of pancreas. Additional metabolic differences be- 
tween the two DNA fractions arise from the dissimilar extent of apparent 
retention of isotope in a number of the base constituents of some of the 
organs. The apparent retention of isotope was greater in the thymine of 
the DNA, than of the DNA: of pancreas and testis, but the reverse was 
true in kidney. The apparent retention was greater in the guanine of the 
DNA, than of the DNA, of intestine, kidney, and testis. Unequal appar- 
ent retention is also seen in the adenine of the DNA fractions of spleen, 
kidney, and testis. 

With the exception of DNA: from pancreas, there was an unequal appar- 
ent retention of isotope in the three bases of the various DNA’s. In some 
of the organs, the apparent retention was greatest in the thymine fractions. 
In two instances, the guanine of kidney DNA, and the adenine of testis 
DN Ao, the 24 day isotope values were greater than those for 1 day. 


DISCUSSION 
Inhomogeneity of DNA 


It is well known that the PNA within mammalian cells is not homogene- 
ous. Aside from the distribution of PNA in the nucleus and in various 
cytoplasmic fractions (19), the PNA’s isolated from these sources differ in 
their composition (6, 20) and in metabolic behavior (21-23). There is little 
evidence of a decisive nature in the literature to suggest that DNA is also 
inhomogeneous. Although there are indications, mentioned above, that 
the DNA’s of the various tissues of a given species may all be considered 
as one entity, there is a preliminary report (19) that only a portion (over 
60 per cent) of the DNA of liver nuclei is soluble in sucrose solution, the 
insoluble portion being sedimentable at 60,000 X g. In an earlier study, 
it was found (24) that most of the DNA of isolated ‘chromosomes’ was 
soluble in m NaCl and that the “residual chromosomes’’ still contained 
some DNA. It was supposed (24), however, that the small quantity of 
DNA in the “residual chromosomes” was due to contamination. 
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Other suggestive indications have been obtained from enzyme experi- 
ments. It has been found that preparations of calf thymus and wheat 
germ DNA are converted by desoxyribonuclease into dialyzable fragments 
and non-dialyzable ‘“‘cores” (25, 26). It has not yet been possible to de- 
cide (5) whether this phenomenon is due to the presence, in the DNA prep- 
arations, of more than one DNA, or whether the nucleic acids are composed 
of molecules possessing regions differing in susceptibility to the enzyme. 

The presumed association or participation of DNA with the genetic 
factors in chromosomes implies that there may be many DNA-containing 
entities within a cell. The presence of a number of different and independ- 
ent heritable factors in ostensibly homogeneous preparations of pneumo- 
coccal DNA (27, 28), which induce genetic transformations in pneumo- 
cocci, supports the notion that there may be as many individual DNA’s 
as there are genes. The problem of the separation of such DNA’s (should 
they indeed exist) appears at the moment a difficult one to approach, inas- 
much as these preparations (28) appear to be homogeneous both by electro- 
phoretic and ultracentrifugal techniques. However, the procedure de- 
scribed here (Fig. 1) has resulted in the separation of at least two DNA 
fractions from the nucleic acids of rat tissue, and one of these may be sub- 
divided further by differential centrifugation. 

This separation scheme (Fig. 1) is based upon the observation (29) that 
a portion of the DNA (DNA;) from a number of tissues of the adult rat is 
apparently insoluble in 0.87 per cent NaCl and may be separated from the 
soluble fraction (DN A2) by centrifugation at about 20,000 X g. The ques- 
tion arises as to whether this fractionation is in the nature of an artifact, 
since the tissues were treated with salt solution at an elevated temperature 
(85°). <A detailed study of the fractionation procedure and the effect of 
temperature is under way in this laboratory. In the absence of the results 
of this study, it may suffice to record that a highly polymerized specimen 
of DNA from calf thymus, obtained by procedures (30) in which tempera- 
tures greater than 2-5° are avoided, has also yielded a fraction (DN A.) 
soluble in 0.87 per cent NaCl and one (DNA) that was insoluble.‘ 


Metabolic Inhomogeneity of DNA 


A study of the results listed in Table IV reveals that the metabolic pat- 
terns for the DNA fractions (and also for PNA) are not the same for any 
two organs. This is especially evident when the apparent retentions are 
compared. Such retention was very low for small intestine and much 
higher for testis, kidney, and pancreas. These results suggest that the 
DNA metabolism, studied with radioactive formate, is a function of the 


4 Unpublished observations. 
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organ studied and that, perhaps, alternative metabolic pathways may re- 
ceive different emphasis in different organs. When the metabolism of the 
two DNA fractions of a given organ is compared, large differences between 
the two are seen in testis and kidney. These are not as striking in pan- 
creas, spleen, and small intestine, although some of the differences are quite 
significant. Thus there is evidence that DNA; and DNA, are dissimilar, 
not only as regards solubility, but also in their prior metabolic behavior as 
well. 

When an examination is made of the apparent retention of isotope within 
the bases of a DNA fraction of a particular organ (with the possible excep- 
tion of DNA: of pancreas), it is seen (Tables III and IV) that the individual 
bases “turn over” at quite dissimilar rates. (This is also true of the PNA, 
with the possible exception of brain and pancreas.*) These results reveal 
existence of a heterogeneous metabolism of DNA in rat tissues and are 
compatible with a hypothesis that the renewal of the nucleic acid bases 
can result, at least in part, from an exchange or partial type of biosynthesis 
rather than from a simultaneous assembling of all of the components of 
nucleic acids on a template.®: 7 

A heterogeneous distribution of P® in the mononucleotides of rat and 
mouse liver DNA 20 to 60 minutes following the administration of radio- 
active phosphate to these animals was also found by Volkin and Carter 
(33). It is of some interest that these investigators found the metabolic 
activity of the phosphate of thymidylic acid of liver to be higher than that 
of the purines, whereas the present data on liver indicate that the metabolic 
activity of thymine is rather lower than that of the purines. The reason 
for this discrepancy is not yet clear, but it may be that the phosphate and 
base “turnovers” are not parallel. Evidence from the apparent retention 
of the pyrimidines of liver cytoplasmic PNA, indicating that they are also 
renewed at unequal rates, has been obtained recently from experiments 
with orotic acid on tumor-bearing rats (22). 

5 An unequal incorporation of P* into the mononucleotides of the PNA has been 
reported (31). 

6 Further support for the conclusion that DNA is metabolized heterogeneously is 
obtained from experiments with Dr. P. Drochmans (unpublished) on the stepwise 
action of desoxyribonuclease (25) on DNA, from small intestine (Table IV). An 
examination of the radioactivities in the base portions of the dialyzable breakdown 
fragments and the resistant ‘‘core” revealed an unequal distribution of activity. 
This result is reminiscent of the findings by Anfinsen and Steinberg (32) that aspar- 
tic acid molecules derived from different positions in C'-labeled ovalbumin had 
dissimilar specific activities. 

7 Another interpretation of these results arises from the possibility that there are 
many DNA’s and that these vary in base composition. Although the bases of such 


individual DNA’s might be renewed at the same rates, mixtures of these DNA’s could 
behave as if there were an unequal renewal. 
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Relative “Turnover” of DNA and PNA 


There has been a considerable divergence of opinion in the current litera- 
ture concerning the relative “turnovers” and, hence, the relative biochemi- 
cal stabilities of DNA and PNA. For the most part, these opinions arise 
from an interpretation of the relative uptake in PNA and DNA of isotope 
from a variety of labeled precursors. For example, the ratio of incorpora- 
tion of P? into PNA and DNA of rat liver was found to be about 33:1 
(34, 35) and for N'°-labeled adenine the ratio of incorporation was about 
70:1 (36); a similar high ratio was obtained with C-labeled adenine (37) 
and orotic acid (22). In addition, it was found that, after incorporation, 
P® was retained for a longer period of time in the DNA than in the PNA 
(38). In experiments with isotopic adenine in regenerating liver, the re- 
tention of isotope was much greater in DNA than PNA (36, 37). Such 
results have furnished support for the view that DNA possesses a high 
degree of biochemical stability. 

On the other hand, much smaller incorporation ratios have been observed 
in experiments on single and mixed organs with other precursors, such as 
glycine (39-42), serine (40), formate (14), and cytidine (43), and the valid- 
ity of the concept of a great biochemical stability of DNA has thereby been 
questioned. This question has also been raised because of the substantial 
incorporation of desoxyribosides into DNA (44). Because of these differ- 
ences in results (some of which have been confirmed in simultaneous mixed 
precursor experiments with glycine and adenine (37)), it has been sug- 
gested (37) that two types of DNA might exist, one type being formed 
continuously from precursors such as glycine, whereas the other is formed 
from intact purines, such as adenine, and that synthesis of the latter may 
predominate during mitosis. According to another view that has been 
put forward to explain the differences (37, 42), alternative pathways of 
DNA biosynthesis exist. So far there has been little opportunity to arrive 
at a decision regarding this possibility, since the available observations may 
be a reflection of alternative pathways leading to the formation of inter- 
mediates either early in a pathway or in the final stages of the assembly 
of the nucleic acids per se. 

The experiments described in this account reveal that at least two DNA 
fractions can be isolated from a single organ. Both fractions are, however, 
continuously formed and degraded as measured by the uptake and apparent 
retention of C“ from the administered formate. The rate of this renewal 
estimated from the retention data is in practically all instances slower than 
that of the PNA. But a simple comparison of the uptake data (radioac- 
tivity 1 day after the last injection; Tables III and IV) might lead to an- 
other conclusion. For example, the initial activity of normal liver DNA 
adenine, which is 127 c.p.m. per uM, is very nearly the same as that of 
brain PNA adenine, which is 116 ¢.p.m.; yet it also seems to be evident 
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from the corresponding apparent retentions that the renewal of the pur- 
ines of brain PNA is much slower than that of the purines of liver DNA. 
The ratio of uptake of C“ in the purines of regenerating liver PNA to those 
of DNA (Table ITI) is such as might lead one to conclude that the ‘“turn- 
overs” of PNA and DNA are rather similar. Again, it is clear that this 
single criterion is an inadequate and erroneous basis for comparison of 
“turnovers” and biochemical stability, since the apparent retentions are 
very different in this instance. 

Many “turnover” experiments have been carried out on the nucleic acids 
of pooled organs. The results of such an experiment, summarized in Table 
II, obscure important differences that exist among the organs. It would 
appear from the results in Table IV that considerable difference exists in 
the rates at which the nucleic acids of individual organs are renewed. For 
example, the apparent retention of the PNA and DNA of small intestine 
is very small and the half times for these nucleic acids can be estimated to 
be about 1 to 2 days, suggesting an extremely rapid metabolism; however, 
the mucosal cells of the duodenum and ileum of the rat are almost com- 
pletely replaced in 1 to 2 days (45), and what has been measured (Table 
IV), therefore, is the resultant of both the intrinsic “metabolic half time” 
and the actual physical loss of most of the cells containing labeled nucleic 
acids. The apparent retention for spleen and testis is also appreciably 
affected by a replacement with new cells, and other organs may be affected 
to a variable but much smaller extent. These considerations require care- 
ful attention in evaluating so called “turnover” studies. 


SUMMARY 


A procedure has been developed by means of which the desoxyribonucleic 
acid (DNA) of rat small intestine, spleen, pancreas, kidney, brain, testis, 
and regenerating liver has been separated into at least two fractions differ- 
ing in solubility in 0.87 per cent NaCl. The DNA of normal adult rat 
liver has yielded only one fraction by this procedure. The ratio of the 
insoluble (DNA,) to the soluble fraction (DNA:) has been found to vary 
from organ to organ. Some of the implications of these findings have been 
discussed in the light of the presumed participation of DNA in genetic 
phenomena. 

Certain aspects of the metabolism of these DNA fractions and the PNA 
have been studied with the aid of C-formate. Evidence has been pre- 
sented which indicates that the two DNA fractions are metabolically dis- 
similar. The unequal extent of incorporation and apparent retention of 
isotope in the bases of individual DNA fractions have suggested that the 
DNA’s have a heterogeneous metabolic origin. These results do not sug- 
gest that there is a uniform pattern of biosynthesis for the DNA’s of all 
organs. 
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ON THE STRUCTURE OF RIBONUCLEIC ACIDS 


I. DEGRADATION WITH SNAKE VENOM DIESTERASE AND 
THE ISOLATION OF PYRIMIDINE DIPHOSPHATES* 


By WALDO E. COHN anno ELLIOT VOLKIN 
(From the Biology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee) 


(Received for publication, October 30, 1952) 


Early concepts of the structure of ribonucleic acid (RNA) were based 
largely upon the isolation of the nucleotides of adenine, guanine, uracil, and 
cytosine from alkali-hydrolyzed RNA (1). Since these were regarded as 
being single compounds phosphorylated in the 3’ position, and since the 
acid-stable ribose-5-phosphate (and its pyrimidine derivatives) could not 
be found in acid-hydrolyzed RNA, a 2’ ,3’-phosphodiester linkage was pro- 
posed (2). 

The introduction of a quantitative isolation technique, ion exchange 
chromatography, by Cohn (3) led promptly to the discovery that each of 
the nucleotides produced by the chemical hydrolysis of RNA exists in two 
isomeric forms (3-5) which are interconvertible in acid but not in alkali. 
These pairs of isomers were termed a and b in the order of their appearance 
in the elution sequence, and it soon became apparent that the four b 
isomers were identical with the four nucleotides isolated earlier and con- 
sidered, on the basis of the optical inactivity of the derived ribitol phos- 
phates, to be the 3’ esters. Although it is very probable that the a 
and b isomers are indeed the 2’- and 3’-phosphonucleosides of the four 
known bases of RNA, it is pointed out by Brown and Todd (6) that the 
possibilities of intramolecular migration of phosphate are such as to make 
it impossible, without further evidence, to decide which is which in intact 
RNA. 

This uncertainty did not become apparent until we attempted to find 
the new isomers (the a forms), considered at that time to be the missing 
2’ isomers (3, 4), by enzymic hydrolysis of RNA. We adapted the desoxy- 
ribonucleic acid (DNA) degradation procedure of Klein and Thannhauser 
(7, 8), which utilizes the diesterase activity of crude intestinal phosphatase 
on a nuclease digest, by substituting ribonuclease for desoxyribonuclease, 
thereby enabling us to isolate four nucleotides which could be shown, as 
Carter had already done for the desoxynucleotides (9), to be the 5’-phos- 
phoesters of the usual four nucleosides (10). Although the b forms of 
uridylic and cytidylie acids were also present, it is known (10-12) that 


* Work performed under contract No. W-7405-eng-26 for the Atomic Energy Com- 
Mission. 
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these arise from ribonuclease action alone. Hence, the principal products 
of the intestinal phosphatase action were 5’-nucleotides and not a or } 
nucleotides. 

The finding of 5’-nucleotides in RNA digests at once recalled the early 
work of Gulland and Jackson (13) who had observed that snake venoms, 
which contain both diesterase and 5’-monoesterase activity, give rise to 
large amounts of inorganic phosphate from RNA. From this, they con- 
cluded that 5’ esters were intermediates in the digestion, being released 
from RNA by the diesterase and hydrolyzed by the 5’-monoesterase. 
Without the means of separating these esterase activities, no further evi- 
dence was obtainable and the hypothesis of a 5’ linkage in RNA was sub- 
sequently withdrawn (14). 

With the analytical techniques at our disposal, we have been able re- 
cently to show (15) that the hydrolysis of Gulland and Jackson does indeed 
yield inorganic phosphate and nucleosides primarily, but that, in addition, 
about 30 per cent of the pyrimidines are left as pyrimidine nucleoside 
a,5’- and b,5’-diphosphates. When the crude venom is freed of 5’-mono- 
esterase activity (16), the primary products are, as Gulland and Jackson 
had correctly deduced, 5’-nucleotides; the pyrimidine nucleoside diphos- 
phates, however, remain, as does an equimolar amount of purine nucleo- 
sides (15). 

It thus appears that RNA can be degraded to a mixture of the 2’- and 
3’-nucleotides by alkali and to the 5’-nucleotides by diesterase. Taking 
account of these facts and the earlier work on intramolecular phosphomi- 
gration in glycerophosphates (Chargaff (17), Baer and Kates (18), and 
Bailly and Gaumé (19)), Brown and Todd (6) proposed a 2’ ,5’- or 3’ ,5’- 
phosphodiester sequence for RNA. The necessary postulate of a cyclic 
phosphate intermediate in the course of hydrolysis is further supported 
by the recent observations of Markham and Smith (20) and by the synthe- 
sis of the cyclic ribophosphates themselves by Brown, Magrath, and Todd 
(21). 

In this communication, we show that 5’-nucleotides are quantitatively 
the major product of the action of snake venom diesterase on intact RN A’s 
isolated from different sources, and that there is a simultaneous production 
of pyrimidine nucleoside diphosphates and of purine nucleosides in equi- 
molar quantities. 


EXPERIMENTAL 


Ton Exchange Chromatography—The analysis of the enzyme digests fol- 
lowed essentially the procedures developed by Cohn (3) as subsequently 
modified (10, 15). Concentrations were determined by spectrophotometry 
and by phosphate analysis. 
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Synthetic Ribonucleoside-5’-phosphates—These compounds, with which 
our isolated substances were compared, were most kindly furnished by 
Dr. Brown and Dr. Todd. 

Snake Venom Enzymes—The crude venom (Crotalus adamanteus) was 
obtained from Ross Allen’s Reptile Farm, Silver Springs, Florida, and used 
as received. The removal of the 5’-esterase activity was accomplished by 
the method of Hurst and Butler (16). The activity of the preparation 
was followed by the splitting of di(dinitrophenyl) phosphate, which was 
kindly supplied by Dr. R. Sinsheimer. A test for residual 5’-nucleotidase 
activity was made against all four synthetic ribonucleoside-5’-phosphates. 

Potato 5'-Phosphatase—The preparation of this enzyme was carried out 
as described by Kornberg and Pricer (22). In our hands, however, the 
preparation still contained significant hydrolytic activity toward b nucleo- 
tides and slight activity toward the a isomers. The relative rates of de- 
phosphorylation of cytidylic acids 5’, b, and a were in the ratio of 100:25:1. 

Barley b Phosphatase—A preparation given to us by Dr. Shuster and Dr. 
Kaplan (23) and another prepared according to their direction were em- 
ployed. Both enzymes, while quite specific for the b purine nucleotides, 
contained slight activity toward the a pyrimidine nucleotides, the b pyri- 
midine nucleotides being split much more rapidly. Both preparations, 
however, had a slow but significant diesterase activity toward the di(dini- 
trophenyl) phosphate substrate. 

Ribonucleic Acids—The mammalian ribonucleic acids were prepared di- 
rectly from the respective tissues by the method of Volkin and Carter (24). 
Ribonucleic acid from yeast could not be obtained by this method; the 
procedure used will be described. 

Dried, viable yeast from Standard Brands, Inc., was ground in a ball 
mill for 48 hours at 5°, with stainless steel balls and 10 per cent by weight 
of Linde A polishing alumina. Yeast lipides were removed by successive 
extractions with cold acetone, alcohol, and ethyl] ether. The dried powder 
was then suspended and stirred rapidly in 0.1 mM NaCl and 0.025 m sodium 
citrate, pH 6.7 (6 volumes per gm. of residue). Insoluble material was 
centrifuged, NaCl added to give a final concentration of 0.25 mM, and then 
0.5 volume of 2 per cent Aerosol OT added. After incubation at 37° for 
4 hours and chilling, precipitated protein was removed by centrifugation. 
2.5 volumes of cold ethanol were added to the supernatant solution, any 
desoxynucleoprotein present being wound around the stirring rod and phys- 
ically removed. The flocculent precipitate was collected, resuspended in 
2 mM guanidine hydrochloride, and warmed to 40°. The chloroform-octyl 
alcohol procedure of Sevag et al. (25) was repeated five or six times at this 
temperature to remove protein. RNA was again precipitated by the addi- 
tion of 2.5 volumes of ethanol. After re-solution in water, larger amounts 
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of complex polysaccharides were removed by adding, with rapid stirring, 
5 per cent trichloroacetic acid to a final concentration of 0.05 per cent. 
The soluble polysaccharides were removed by centrifugation and the RNA 
precipitate again extracted with 0.05 per cent trichloroacetic acid. Fi- 
nally, the precipitate was resuspended in water, carefully adjusted to pH 
6.8, and exhaustively dialyzed against water. 

This material contained 9.7 per cent P and 17.0 per cent N and appeared 
to be about 85 per cent ribonucleic acid, small amounts of desoxynucleic 
acid and metaphosphate being among the contaminants. 

In our opinion, the method of preparation of RNA is of critical impor- 
tance in any studies of structure. It seems likely that many of the conflict- 
ing results which appear in the literature, e.g. the number of end-groups 
from titration studies and reduction of periodate before or after ribonu- 
clease action, are due to partial degradation of some of the samples during 
isolation or preparation. The preparations made in this laboratory have 
on the order of 10 per cent end-groups as determined by purified bone 
phosphatase (13) and less than 2 per cent periodate-oxidizable residues, 
either before or after ribonuclease action. We do not feel that the repre- 
cipitation of commercially available material, much of which has been 
subjected to relatively drastic chemical treatment, can undo the structural 
damage previously wrought or completely remove the degraded parts. 


Results 


The repetition of the experiment of Gulland and Jackson (13) on calf 
liver RNA, with whole venom and proceeding to the end-point of the 
reaction, resulted in a mixture which was analyzed by ion exchange chro- 
matography (see Fig. 1). The analysis shown is that in which the two 
pyrimidine diphosphates were discovered. The nucleosides were separated 
subsequently by the method of Cohn (3) and were determined spectro- 
photometrically. 

Table I summarizes the quantitative aspects of this analysis. From this 
it is evident that the inorganic phosphate was derived principally from 
nucleotides and, since the venom will only hydrolyze those nucleotides 
phosphorylated in the 5’ position, they must have been nucleoside-5’-phos- 
phates. The diphosphates comprise about one-third of the total pyrimi- 
dine content of the digest. 9 per cent of the cytidine is found as the ) 
isomer of cytidylic acid. 

The diphosphates have been characterized by the ratios of their con- 
stituent parts and by their enzymic susceptibilities. The ratio of pyrimi- 
dine (by spectrophotometric assay, extinction coefficients of 6800 and 9900 
for cytidylic and uridylic acids, respectively, at 260 mu at pH 2) to ribose 
(by the bromination method of Massart and Hoste (26)) to phosphorus is 
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1:1:2. Only 15 per cent of the total phosphate is released by heating the 
substance at 100° for 1 hour in 1 N H.SO, (compared to 3 to 5 per cent 
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LITERS THROUGH COLUMN 


Fic. 1. (a) 20 mg. of calf liver RNA digested with 10 mg. of snake venom in 5 ml. 
of 0.1 Mm borate (pH 8.5), 0.01 m MgCls, 37°, 20 hours. (b) 20 mg. of calf liver RNA 
digested in 3 ml. of 0.5 m NaOH, 37°, 16 hours. 


TABLE I 
Products of Digestion of Calf Liver RNA with Whole Snake Venom 








Nucleosides | Diphosphates | — 
- P 
cyt* | Ur | Ad | Gu | Total | Cyt* | Ur 
| | | 
} | | 
Moles per 100 moles P..... 19 | 10.3 | 15.6) 32 | 77 | 10.2) 5.0) 75 
% of total present......... 62 | 65 9 | 9 | | 30 =| 32 75 





*9 per cent of the total cytidine was recovered as cytidylic acid b. 


from the corresponding @ or b acids), thus eliminating the possibility of 
pyrophosphates. The potato phosphatase of Kornberg, which removes 
the 5’-phosphate from the diphosphoadenosine derived from triphosphopy- 
ridine nucleotide (TPN) (22), splits somewhat more than one-half of the 
phosphate from the cytidine diphosphate. Since this enzyme, in our hands, 
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splits both 5’- and b-cytidylic acids but not the a acid, this result suggests 
that both a,5’- and 6,5’-cytidine diphosphates are present. The time- 
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Fig. 2. Cytidine diphosphate (4.16 mg. of P) + 3.0 ml. of potato phosphatase 
(20) + 5 ml. of 0.2 m NH,CI(NH;) and 0.02 m MgCl. buffer (pH 9.0); total volume, 
20 ml. incubated at 37°. Appropriate aliquots removed for inorganic phosphate and 
ion exchange analysis at the times indicated. 


TaBLe II 
Hydrolysis of Cytidine Diphosphate by Barley Phosphatase (in Per Cent of Total 


Cytidine) 
Inorganic P, 
Time | Cytidine Cyt 5’ Cyta Cyt 6 Cyt diPO« | per cent of 
total P 
60 min. 0 47 0 0 53 24 
16 hrs. 9 rer 11 0 2 55 


1 mg. of cytidine diphosphate + 0.2 ml. of barley phosphatase + 0.2 ml. of 0.2 
M tris(hydroxymethyl)aminomethane buffer (pH 7.5) incubated at 37°. 0.5 ml. 
samples removed for ion exchange analyses. 


course of its action on cytidine diphosphate is shown in Fig. 2, the final 
products being cytidine, inorganic phosphate, and cytidylic acid a. We 
ascribe the transient appearance of cytidylic acid b and cytidine-5’-phos- 
phate to the monodephosphorylation of cytidine-b ,5’-diphosphate; both b 
and 5’ acids are subsequently dephosphorylated to yield cytidine. 
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The interpretation of these experiments as indicative of a mixture of cyt- 
idine-a ,5’-diphosphate and cytidine-b ,5’-diphosphate is further strength- 
ened by the use of the phosphatase from barley (23) which hydrolyzes 
cytidylic acid b rapidly, cytidylic acid a slowly, and the 5’ ester very 
slowly. The first products of the action of this enzyme on the isolated 
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LITERS THROUGH COLUMN 
Fic. 3. 16 mg. of calf liver RNA, 1.0 ml. of 0.05 m MgCl, 1 ml. of snake venom 
diesterase preparation; total volume, 5 ml. The reaction mixture was adjusted to 
pH 8.6 and maintained at this pH over the course of hydrolysis by the periodic ad- 
dition of 0.02 N NaOH. After 7 hours digestion at 25°, the reaction was stopped by 
the addition of 1 m of NH,OH and the mixture subjected to ion exchange analysis. 
Column, 5.8 em. X 0.9 em. square Dowex 1, 400 mesh; flow rate, 0.5 ml. per minute. 


cytidine diphosphate are cytidine-5’-phosphate and cytidine diphosphate 
in approximately equal amounts (see Table II), the latter being presumably 
the a,5’ variety. The slow action upon the a and 5’ phosphate groups 
then destroys the remaining diphosphate, and at 16 hours only the 5’ and 
a nucleotides are found. 

When snake venom was freed of 5’-monoesterase activity (16) and used 
with another preparation of the same type of RNA (calf liver) as above 
(see Fig. 1 and Table I), the ion exchange chromatogram shown in Fig. 3 
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resulted. It will be noted that the nucleoside peaks are greatly reduced, 
the nucleoside-5’-phosphate peaks have correspondingly appeared, and the 
diphosphate peaks remain essentially unchanged. The 9 per cent of b 
cytidylic has now become 14 per cent and 6 uridylic is found to the extent 
of 11 per cent. The quantitative features of this analysis are listed in 
Table III, along with analyses of similar digests of RNA from yeast and 
from thymus. 

It will be noted that the total nucleoside found in this experiment exceeds 
the inorganic phosphate present. The excess nucleoside is chiefly purine 
in nature and is nearly equal to the amount of pyrimidine diphosphate 
found. Since the diesterase preparation is always slightly contaminated 
with residual 5’-monoesterase, which attacks all four 5’-nucleotides indis- 
criminately, it is reasonable to ascribe the small amounts of pyrimidine 
nucleosides and an equivalent amount of purine nucleosides to this con- 
tamination, accenting the equivalence between purine nucleoside and pyri- 
midine diphosphate. From this equivalence, which is found in each of the 
three types of RNA shown in Table III and which seems to be independent 
of the degree of hydrolysis achieved, one is led to the conclusion that these 
substances arose from an asymmetrical splitting of a polynucleotide con- 
stituent of the RNA, leaving two phosphates attached to a pyrimidine 
riboside and none on a purine riboside in the same constituent. 

The correction for 5’-phosphatase activity also raises the total of 5/- 
nucleotides presumably present at any time in the liver and yeast digests 
(the thymus RNA digest did not go to completion) to 78 and 88 per cent, 
respectively. The remainder is, of course, the non-5’-phosphorus in the 
diphosphates (a mixture of a,5’ and b,5’ as isolated) and in the b pyrimi- 
dine nucleotides. The significance of these compounds is discussed. 


DISCUSSION 


While the earlier non-quantitative data (10), derived from the use of 
intestinal phosphatase as a diesterase, indicated that some degree of 5’- 
phosphoesterification must be considered in formulating a structure for 
RNA, the present data indicate that about 80 per cent of the nucleotides 
have this characteristic and make this one of the major linkages to be 
considered. Thus the basic structural unit for RNA proposed by Brown 
and Todd (6), derived in part from our earlier data, becomes applicable 
essentially to the entire molecule. There remains, however, the question 
as to whether the chain is primarily a,5’ or b,5’ in nature, a mixture of 
both, or cyclic a:b,5’. 

Some light is cast on the relative importance of a and b phosphoester 
linkages in RNA by the degree to which they appear as end-products of 
hydrolysis. Alkaline or acid hydrolysis liberates both in equal amounts, 
but, since this degradation probably proceeds through an a:b cyclic ester 
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(6), no clue is given as to the original form. Ribonuclease liberates 60 
per cent of the pyrimidines as b mononucleotides (10, 12, 20, 27-30), the 
other 40 per cent being end-groups of purine polynucleotides and having a 
singly linked b phosphate (12, 20, 27, 30). Thus all pyrimidine nucleotides 
are found in ribonuclease-treated RNA to have a b-linked phosphate. This 
hydrolysis has been shown to proceed through the same a:b cyclic phos- 
phate intermediate as chemical hydrolysis; however, ribonuclease selec- 
tively breaks the a bond to leave the b (20, 31). However, since it is now 
known! that this cyclic intermediate can be formed by ribonuclease only 
from the b phosphoesters of pyrimidine nucleosides, and not from the a 
esters, essentially all pyrimidine nucleotides in RNA must be regarded as 
not possessing a,5’ linkages. Pyrimidine b nucleotides also are found in 
the diesterase digests; only in the diphosphonucleoside fraction of this 
hydrolysate are a groups found. As for the purine nucleotides, some of 
these are liberated as b nucleotides by the action of a nuclease from spleen 
(along with b pyrimidine nucleotides),? but lack of knowledge of the mech- 
anism of action of this enzyme makes this observation of little value. 
Nevertheless, the evidence so far obtained indicates a predominance of } 
over a linkages in RNA. 

A proper interpretation of the data presented in this paper on the prod- 
ucts of the action of venom diesterase upon RNA requires some informa- 
tion as to the mechanism of action of the enzyme. The diesterase pre- 
pared by us is practically inactive toward all mononucleotides, whether 
singly or doubly phosphorylated, but is active toward polynucleotides of 
all sizes, provided that they do not have a singly esterified b phosphate 
group. Thus the diesterase will hydrolyze the polynucleotides from the 
action of desoxyribonuclease on desoxyribonucleic acid (16), which end in 
5’-phosphate,’ but not those from the action of ribonuclease upon RNA, 
which end in a b phosphate group. On the other hand, the a:b cyclic pre- 
cursors of the latter (20), or the b-ending polynucleotides after dephos- 
phorylation (12), are susceptible to rapid diesterase hydrolysis. It would 
thus appear that the singly esterified b phosphate is inhibitory to a hydroly- 
sis that splits the b links of doubly esterified phosphates. 

If diesterase hydrolysis proceeded through cyclic intermediates, as postu- 
lated for ribonuclease action, further information as to the initiation and 
destruction of these intermediates would be required in order to relate the 
end-products to the original substrates. Cyclization involving 5’ linkages 
is unlikely on steric grounds. Stronger evidence is afforded by the fact 


1 Todd, A. R., personal communication. 
2 Volkin, E., and Cohn, W. E., unpublished data. 
3 Sinsheimer, R. L., personal communication. 
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that diesterase will hydrolyze the polydesoxynucleotides‘ derived from 
DNA by the action of desoxyribonuclease (16, 32). In these compounds, 
no cyclization is possible; yet the end-products are the same and are 
seemingly as readily produced as are those of the ribose analogues. From 
this analogy it may be argued that cyclization is not a necessary prerequi- 
site to diesterase action and that the nucleotides found in diesterase digests 
are, therefore, a true reflection of the initial structure. 

Prior to the admission of the 5’ position as of significance equal to the 
2’ and 3’ positions in the backbone of RNA, branching through triply 
phosphorylated ribose was not considered possible. The proposed new 
structure requires the consideration of such branching, e.g. through the 2’ 
position in a 3’,5’ chain, which Brown and Todd have discussed (6). 
While some chemical evidence, based upon the isolation of ribose from 
methylated RNA, has been presented to indicate that triply esterified 
ribose molecules do exist in RNA (83), the strength of this evidence is 
impaired by lack of proof that all sugar hydroxyls react with the methylat- 
ing reagent. 

In seeking an explanation for the appearance of equal amounts of the 
pyrimidine diphosphonucleosides and the purine nucleosides in the diester- 
ase digests, we have been led to the consideration of such branching through 
ribose. An unbranched RNA ending in b phosphate is eliminated from 
consideration as the source of these substances. They could so arise if the 
end-group were a cyclic a:b phosphate, but, since they could only originate 
from opposite ends of such a polynucleotide sequence, only 1 mole of each 
could be realized from 1 mole of RNA. This would place the maximal 
molecular weight of RNA in the neighborhood of 3000, 7.e., six to ten 
nucleotides. Finally, we have found? that removal of monoesterified phos- 
phates (‘‘end-phosphates’”’) from our RNA by bone phosphatase (which 
reaches an end-point in the neighborhood of 10 per cent, consistent with 
titration data (34)) does not impair significantly the diesterase yield of 
cytidine diphosphate; thus, this cannot arise from the same end-groups 
that can be hydrolyzed by bone phosphate. We are led therefore to con- 
sider groups other than end-groups as sources of the diphosphonucleosides. 

The type of branching proposed by Brown and Todd (6) offers an in- 
terpretation of the observations that is free of the objections raised to the 
unbranched chain. As shown diagrammatically in Fig. 4, the diesterase 
should effect cleavage of the b—O—P bonds as shown. At the branch 


‘That b nucleotides are 3’-nucleotides cannot be supported by this evidence 
alone without knowledge of the behavior of dinucleoside a,5’-monophosphates toward 
diesterase. Should these be inactive, the case for this eventuality would be greatly 
advanced, but, if they should prove as easily split as the b,5’ compounds, the ques- 
tion would still be open. 
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point, a split at bond A would liberate nucleoside A as the a,5’ diphos- 
phate, while the end-groups would be liberated as nucleosides. These are, 
therefore, labeled Py and Pu, respectively. Since the ribonuclease-pro- 
duced polynucleotides are unbranched and contain b ,5/-pyrimidine nucleo- 
side and b (or a) purine nucleoside residues at either end, we consider 
the first member of the branch to be a pyrimidine and the rest of it to 
be purine. 


Pu. 

















: shee 


p 
Fic. 4. Schematic partial structure for RNA (after Brown and Todd) 





There remains to be established the significance of the b pyrimidine 
nucleotides found in the diesterase digests. We are inclined to regard 
these as originating from branches of but one nucleotide in length involy- 
ing triply esterified phosphate. While such branches have not been con- 
sidered in the formulations of RNA as discussed, their presence is indi- 
cated by the observation that about 10 per cent of the phosphorus in RNA 
is singly esterified? (34). 


SUMMARY 


The hydrolysis of ribonucleic acids, isolated from yeast, from calf liver, 
and from thymus, by crude snake venom (which contains diesterase and 
5’-nucleotidase activities) is shown to yield most of the substrate as nu- 
cleosides and inorganic phosphate, about a third of the cytidine and uridine 
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being recovered as a mixture of 2’,5’- and 3’,5’-diphosphonucleosides. 
When the 5’-nucleotidase activity is removed, the same substrates are 
found to yield the same pyrimidine diphosphonucleosides plus purine nu- 
cleosides in nearly equimolar amounts, with the production of much less 
inorganic phosphate than nucleoside; the bulk of the substrate is recovered 
as nucleoside-5’-phosphates. Thus about 80 per cent of the nucleotide 
content of each ribonucleic acid is recoverable as 5’-phosphoesters. These 
findings confirm the earlier qualitative indications that this type of bond 
is a major one in ribonucleic acid. 

In addition, the production of pyrimidine nucleoside diphosphates and 
purine nucleosides in equal amounts, taken together with the finding that 
the latter is a mixture of short unbranched polynucleotide chains end- 
ing in pyrimidine nucleotides and not oxidizable by periodate, indicates 
the possibility that these products arise from branch points and branch 
ends, respectively, the branch points being 2’ ,3’ ,5’-triphosphopyrimidine 
ribosides and the branch ends being 3’ (or 2’) singly phosphorylated purine 
ribosides. 
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Earlier studies on the enzymatic resolution of racemic amino acids in 
this Laboratory involved the use of a preparation of hog kidney acylase 
obtained by low temperature alcohol fractionation of the tissue homogen- 
ate (1-3). With this preparation, Baker and Meister (4) noted that the 
N-chloroacetyl derivatives of the homologous series of straight chain 
a-amino acids were hydrolyzed at progressively increasing rates from 
chloroacetylalanine to chloroacetylnorvaline, and thereafter with progres- 
sively decreasing rates to chloroacetyl-a-aminocaprylic acid which was 
completely resistant to the enzyme. This acylase preparation was used 
by these authors to obtain the optical enantiomorphs of a-aminoheptylic 
acid, but for the resolution of certain of the a-amino derivatives of the 
higher fatty acids they employed the corresponding amides with an ami- 
dase fraction of the kidney (5). 

The more recent preparation of hog kidney acylase (acylase I) (6) is 
more active, soluble, and stable than the earlier one, and has supplanted 
the latter entirely. Although acylase I also hydrolyzes the chloroacetyl 
derivatives of the straight chain a-amino acids with an optimal rate for 
chloroacetylnorvaline (7), it is effective (at diminishing rates, to be sure) 
on the chloroacetyl derivatives of a-aminocaprylic, a-aminononylic, a- 
aminodecylic, and a-aminoundecylic acids. The more active acylase I 
preparation, therefore, has enabled us to extend the general enzymatic 
resolution procedure to the ready preparation of the optical enantiomorphs 
of several of the long chain amino acids. Certain modifications in this 
procedure, particularly in the matter of dilution, have been found neces- 
sary. With all N-chloroacetylamino acids hitherto studied, acylase I ef- 
fects complete hydrolysis of the 1 component of the racemic substrate at 
an initial concentration of the latter of 0.10 m (6). With chloroacetyl-a- 
aminononylic acid, however, complete hydrolysis is achieved at an initial 
concentration of 0.05 m, with chloroacetyl-a-aminodecylic acid at 0.025 m, 
and with chloroacetyl-a-aminoundecylic acid at 0.01 m. With chloro- 
acetyl-a-aminododecylic acid, a still lower initial concentration is needed 
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for complete hydrolysis, setting thereby a limit of convenience with this 
substrate to which the resolution procedure with acylase I can be ex- 
tended.! To our knowledge, the optical isomers of aminononylic, amino- 
decylic, and aminoundecylic acids have not been described. 


EXPERIMENTAL 


Substrates for Resolution—The free fatty acids, from n-heptylic to n-do- 
decylic, were Eastman products. Each was brominated in the a position 
by the following general procedure. 0.2 mole of the acid was mixed with 
0.21 mole of liquid bromine plus 1 ml. of phosphorus trichloride. The re- 
action mixture was refluxed from about 2.5 hours for the lower members 
of the series to about 6 hours for the highest. The condenser was cooled 
with circulating alcohol at —10° to prevent evaporation of bromine. At 
the end of the reaction, the liquid became clear and slightly orange-colored. 
The mixture was cooled, extracted with ether, and the ether extract 
washed with ice water and saturated sodium carbonate solution. The 
ether solution was then dried over anhydrous sodium sulfate, filtered, and 
the solvent removed by evaporation. The residual a-bromo fatty acid 
was purified by three consecutive fractional distillations under dry nitro- 
gen in vacuo. Each of the compounds was collected within a range of 2° 
of its boiling point, and in each case the yield was 70 to 75 per cent of the 
theoretical. The density and refractive indices were measured, the molar 
refractions agreeing within +0.5 per cent of the calculated values from 
the Lorentz-Lorenz constants (10). 

The analytical values are as follows: 


a-Bromoheptylic acid, b.p. 116-118° (2 mm. Hg); d* = 1.3001; n%4 = 1.4570 
C;H,;0.Br. Calculated, Br 38.2, found 37.9 

a-Bromocaprylic acid, b.p. 128-129° (2 mm. Hg); d** = 1.2785; n2* = 1.4613 
C,H,,02.Br. Calculated, Br 35.8, found 35.5 

a-Bromononylic acid, b.p. 137-138° (2 mm. Hg); d*! = 1.2647; n3' = 1.4555 


CyHi70.Br. Calculated, Br 33.2, found 33.3 
a-Bromodecylic acid, b.p. 140-141° (2 mm. Hg); d% = 1.1912; n2* = 1.4595 
CioHyO2Br. Calculated, Br 31.8, found 31.9 
a-Bromoundecylic acid, b.p. 144-146° (2 mm. Hg); d*4 
CyH2,02.Br. Calculated, Br 30.1, found 30.3 
a-Bromododecylic acid, b.p. 157-159° (2 mm. Hg); d* 
Ci2.H.;02Br. Calculated, Br 28.6, found 28.5 


1.1586; n3* = 1.4538 


1.1474; nt = 1.4585 





1 Tn order to obtain optically pure amino acids by an enzymatic resolution of a race- 
mate, it is clear that the enzyme must have an absolute or near absolute optical spec- 
ificity, and that it must act to 100 per cent on the susceptible enantiomorph. Acylase 
I effectively satisfies both conditions when employed under standardized conditions, 
and the optical enantiomorphs of the amino acids obtained are invariably more than 
99.9 per cent optically pure (6, 8, 9). 
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The bromo acids were each aminated in absolute alcohol solution sat- 
urated at 0° with ammonia. The reaction mixtures were allowed to stand 
at room temperature for 3 days and the amino acids were filtered off and 
recrystallized from sodium hydroxide solution by addition of acetic acid. 
The yields in all cases were 95 per cent of the theoretical. The com- 
pounds possessed the characteristics described (11, 12). The amino acids 
were chloroacetylated with chloroacety] chloride in sodium hydroxide solu- 
tion in the presence of a layer of ether. On acidification, the chloroacety- 
lated amino acid appeared admixed with some hydrochloride salt of un- 
changed amino acid. The chloroacetylamino acid was extracted into 
acetone and recrystallized from this solvent by addition of petroleum ether. 
The yield in each case was 60 to 70 per cent of the theoretical. The chloro- 
acetyl derivatives of DL-a-aminoheptylic acid (4) (m.p. 106°) and of DL-a- 
aminocaprylic acid (4, 6) (m.p. 93°) have been described. 

Chloroacetyl-pL-a-aminononylic acid, m.p. 89° 
Cy,H2»O;NCI. Calculated. C 52.9, H 8.0, N 5.7, Cl 14.2 
Found. © 5210)" SiO} §" 5.7, * 14.0 
Chloroacetyl-pL-a-aminodecylic acid, m.p. 91.5° 
C,2H2203NCl. Calculated. C 54.6, H 8.4, N 5.3, Cl 13.4 
Found. © OG, °° 5. °** od, 13:3 
Chloroacetyl-pL-a-aminoundecylic acid, m.p. 91-92° 
C,3;3H.,O;NCI. Calculated. C 56.2, H 8.7, N 5.0, Cl 12.8 
Found. “ 56.1, “88, “5.1, “ 12.6 
Chloroacetyl-pL-a-aminododecylic acid, m.p. 93° 
C\4H2603;3NCl. Calculated. C 57.6, H 9.0, N 4.8, Cl 12.2 
Found. SO .0,. ** Oli AZ © TRO 


Susceptibility of Chloroacetylamino Acids to Acylase I—In digests com- 
posed of 1 ml. of acylase I solution in water, 1 ml. of 0.1 Mm phosphate buffer 
at pH 7.0, and 1 ml. of neutralized 0.05 m substrate, the following rates at 
38° were noted: chloroacetyl-pL-aminoheptylic acid 28,200, chloroacetyl- 
DL-aminocaprylic acid 7700, chloroacetyl-pL-aminononylic acid 1600, chlo- 
roacetyl-pL-aminodecylic acid 120, chloroacetyl-pL-aminoundecylic acid 9, 
and chloroacetyl-pt-dodecylic acid 0. The rates are expressed in terms of 
micromoles of susceptible isomer hydrolyzed per hour per mg. of N, and 
are comparable with those reported previously for similar acylated amino 
acids (6). The hydrolysis was followed as usual by the Van Slyke mano- 
metric procedure with ninhydrin. 

These rates refer to initial values, 7.e. 10 to 30 per cent hydrolysis. As 
is customary in these resolution studies, it is also necessary to ascertain 
whether the hydrolytic reaction proceeds to complete hydrolysis of the 
susceptible L component of the racemate. It was noted that such com- 
plete hydrolysis occurred at lower initial concentrations of the substrate 
as the chain length of the latter increased. Thus, complete hydrolysis 
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occurred at an initial concentration of 0.1 m with chloroacetyl-pL-amino- 
heptylic and chloroacetyl-pt-aminocaprylic acids, at 0.05 m with chloro- 
acetyl-pL-aminononylic acid, at 0.025 m with chloroacetyl-pL-aminodecy- 
lic acid, and at 0.01 m with chloroacetyl-pL-aminoundecylic acid. The 
rate value of 0 given above for chloroacetyl-pL-aminododecylic acid holds 
only under the conditions cited, for when this substrate solution was di- 
luted well below 0.01 m and incubated several hours with acylase I, crystals 
of a-aminododecylic acid made their appearance. However, the resolu- 
tion of this compound would require such high dilution, and so large an 
amount of acylase I, as to render the procedure impractical. 

Resolution of Amino Acids—0.10 mole of each of the chloroacety! deriva- 
tives of pL-aminoheptylic and pL-aminocaprylic acids was dissolved at pH 
7.2 in 1 liter of aqueous solution by addition of 2 Nn LiOH. In similar 
fashion the equivalent amount of chloroacetyl-pL-aminononylic acid was 
dissolved in 2 liters, and of chloroacetyl-pL-aminodecylic acid in 4 liters, of 
solution. 0.05 mole of chloroacetyl-pL-aminoundecylic acid was similarly 
dissolved in 5 liters of solution. No difficulty was encountered in dissoly- 
ing any of these compounds at this pH. In each of these solutions, respec- 
tively, were dissolved 16 mg., 64 mg., 300 mg., 2 gm., and 3 gm., of acylase 
I, and the solutions were placed in a water bath at 38°. Crystals of the 
respective L-amino acids rapidly made their appearance in each of the di- 
gests. The first three digests were allowed to stand at this temperature 
for 24 hours, the fourth for 48 hours, and the last one mentioned for 72 
hours. To the last two digests, after 36 hours of standing, about 100 mg. 
of fresh acylase I powder were added, and the pH, which had fallen to 
about 6.5, was brought back to 7.2 by addition of LiOH. 

At the expiration of the time periods cited, the crystals of L-amino acids 
in each of the digests were filtered by suction and the filtrates set aside for 
the preparation of the p isomers. The residues on the filter were washed 
with water and alcohol and taken up in the necessary amount of 5 n HCl 
at 60°. The enzyme protein was separated by filtering with suction with 
the aid of Norit. The clear filtrate was warmed again to redissolve any 
L-amino acid hydrochloride which crystallized, and was treated with 25 
per cent ammonia water to neutral pH. In each case the free L-amino 
acid rapidly crystallized. After chilling for several hours, the respective 
preparations of L-amino acid were filtered by suction, washed successively 
with large volumes of water, alcohol, and ether, and dried. The yields in 
each case were 80 to 90 per cent of the theoretical. The data for the 
isomers are given in Table I. 

The filtrates mentioned above which contained the chloroacetyl-p-amino 
acids were each brought to pH 1.7 by addition of 1ON HCl. The resulting 
precipitates were filtered by suction, washed with large volumes of water, 





an 
an 
re! 
we 
an 
sc 


of 


ino- 
oro- 
cy- 
The 
olds 
elie 
tals 
olu- 
s an 


iva- 
pH 
ilar 
was 
s, of 
arly 
olv- 
pec- 
rlase 
the 
2 dli- 
ture 
mr 72 
mg. 
n to 


ucids 
e for 
shed 
HCl 
with 
any 
h 25 
mino 
ctive 
ively 
ds in 
r the 


mino 
iting 
rater, 








BIRNBAUM, FU, AND GREENSTEIN 337 


and thoroughly dried. They were extracted with acetone and filtered, 
and the solvent was removed from the filtrate. The residues were each 
refluxed for 2 hours with the 10-fold amount of 3 nN HCl. The solutions 
were cooled, filtered, and brought to neutrality by addition of 25 per cent 
ammonia water. The resulting free D-amino acids were isolated as de- 
scribed for the L isomers. The yields in each case were 75 to 90 per cent 
of the theoretical. The analytical and optical data are given in Table I. 


TABLE [| 
Long Chain Amino Acid Isomers 
9 























| | Calculated L isomer D isomer 
Amino acid | Formula | | Found Found 
|c | H|N ——— | fals® | | fa] o* 
ll dee c | HIN }cl Hin! 
~ . et FE Sa en ee, Ae. ee 2 See ae owt Seer 
| | | | degrees | degrees 
a-Aminoheptylic | | | | 
CAG U Apa aa | C7Hi;02N |57.9)10.4/9.7/57.8 10.4. 9.6)+23.3/57.9 10.49.7|—23.5 
a-Aminocaprylic | | | | 
COG eae Re Ree | CsHi702N |60.4/10.7/8.9/60.3 10.8 8.9|+23.0/60.5 10.78.9|—23.5 
a-Aminononylic — | | | | | | | 
10 Lara tare | CoH .O2N (62.4)10.9)8.1/62.3 10.9 8.0|+33.5/62.4 11.08.0!—33.5 
a-Aminodecylic | | 
HOWE ores eee eee | CioH1O2N |64.2)11.3)7.5/64.2 11 87.4431 .0164.1 11.27.4|—31.0 
a-Aminoundecylic | | | pre 
10 ened eens A eee | CuHs,02N 65.7 11.5/7.0(65.7)11.5,7.0|+29.0(65.6 11.5,7.0 ~29.0 





* Temperature 26°, 2 dm. tube; a-aminoheptylic acid in 2 per cent in 6 N HCl, 
a-aminocaprylic acid in 1 per cent in 6 N HCl, a-aminononylic acid in 1 per cent in 
glacial acetic acid, and a-aminodecylic and a-aminoundecylic acids in 0.5 per cent 
in glacial acetic acid. 

+ Baker and Meister reported [a], for the L and p isomers of a-aminoheptylic 
acid as +23.9° and —24.0°, and for the L and pb isomers of a-aminocaprylic acid as 
+23.1° and —23.4° (4). 


Optical Purity of Amino Acid Isomers—Crotalus adamanteus L-amino 
acid oxidase and hog kidney p-amino acid oxidase act at a sufficiently high 
rate on the L and the p isomers, respectively, of aminoheptylic, amino- 
caprylic, and aminononylic acids so that the optical purity of each of the 
isomers can be determined. By the procedure described (8, 9), these iso- 
mers were found to be more than 99.9 per cent optically pure. The action 
of these oxidases on the L and D isomers of aminodecylic, aminoundecylic, 
and aminododecylic acids was too small to permit their use to determine 
optical purity with the sensitivity mentioned? 

2 Tween was employed to disperse the very insoluble amino acids. This material 
had no effect on either the L- or the p-amino acid oxidase preparations. 
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Analyses were performed by R. J. Koegel and the staff of this Labora- 
tory, and optical purity determinations by M. Clyde Otey. 


SUMMARY 


The N-chloroacetyl derivatives of racemic a-aminoheptylic, a-amino- 
caprylic, a-aminononylic, a-aminodecylic, a-aminoundecylic, and a-amino- 
dodecylic acids were prepared and subjected to the action of acylase I at 
pH 7.2. The first five of these compounds were hydrolyzed at readily 
measured rates which diminished with increasing length of the side chain, 
and the resolution of the respective amino acids was accomplished after 
appropriate dilution of certain of the substrate solutions. The yields of 
each of the L isomers was 80 to 90 per cent, and of each of the p isomers 
75 to 90 per cent, of the theoretical. 

The t and p isomers of aminoheptylic, aminocaprylic, and aminononylic 
acids were found to be more than 99.9 per cent optically pure. The cor- 
responding isomers of aminodecylic, aminoundecylic, and aminododecylic 
acids were so slowly oxidized by the respective oxidase preparations that 
determination of their optical purities could not be performed with the 
sensitivity desired. 
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The importance of propionate in intermediary metabolism is generally 
recognized (1). Reid (2) concludes from his work on sheep that for these 
animals propionic acid is the chief source of blood glucose. Similarly 
McClymont (3) suggests that ruminants in general maintain their blood 
sugar level by gluconeogenesis from propionic acid. 

Injection of C'*-labeled propionate into a cow’s blood stream enabled us 
to measure the rate at which this metabolite is oxidized by a normal intact 


cow and to investigate the part it plays in the synthesis of milk constitu- 
ents. 


Method 


Cows—The characteristics of the four Jersey cows used in this experi- 
ment are summarized in Table I. 

Tracer—The sodium propionate-1-C'* was prepared by carbonation of 
ethyl magnesium iodide with CO, (4). The yield, based on barium 
carbonate-C“, was 96 per cent and the specific activity of the anhydrous 
salt 10.4 uc. per mg. 

The sodium propionate-2-C" was prepared by carbonation of ethyl-1- 
C“ magnesium iodide (5, 6). The yield, based on labeled carbonate, was 
40 per cent, and the specific activity of the product was 14.8 uc. per mg. 

Injection and Dose—The injections were performed through plastic 
tubes as described before (7). The relative doses are stated in Table I. 
To express the dose in terms of the propionate in the blood, we may esti- 
mate from data obtained by Kiddle, Marshall, and Phillipson (8) that a 
cow contains about 31 mm of total fatty acid in her peripheral blood. 
Assuming that the fatty acid in the peripheral blood contains 2.4 moles 
per cent of propionic acid (3), we may thus estimate that the cow’s pe- 
ripheral blood contains 0.024 X 31 = 0.75 mm of propionic acid. The 
average injected dose of 4 millimoles of propionate (which contained 5 


* This investigation was supported by the United States Atomic Energy Com- 
mission. 


339 








340 PROPIONATE AS PRECURSOR OF MILK 


me. of C) amounted thus to 5 times the amount normally present in the 
peripheral blood. 

Respiration Trials and C'* Measurement—The respiration apparatus used 
and the method of measuring CO, production have been described be- 
fore (9). An account of the measurement of C™ in respiratory CO, 
and components of milk appeared in an earlier paper (10). 


TaBLeE I 
Data on Experiments with Cows 





Food yg | 
. | ast bce a P . ' Relative ‘Position of: . 
Trial Body Milk yield | Plasma | *¢ \ ° Propionate 
: Cow No. A - ae ae ted | CH Het json 
No. OW NO. | weight persrrg per day | volume | ia Cis otiphieate injected 
| | | Hay | tration | | 
fiat obec lag eng ag tale Ae tae 
| | | | 
I | 905 | 414 | * * 4.5 | 22.7 | 121 | 10 | 5.0 
Il 913 494 | , “6 8.0 * | 9.3 1-C 4.6 
III 965 469 3.6 9.3 Kedes | ne 1. A067 2-C 3.5 
IV | 860 . 544 6.8 3.9 1.0 | 21.9 8.8 2-C 3.4 


* Not measured. 
RESULTS AND DISCUSSION 


Fig. 1 shows the standardized specific activity in the expired CQO, in 
microcuries per mole of CO» per unit of relative injected dose (microcuries 
per kilo body weight) as a function of time from injection. During the 
first 2 hours after injection, the specific activity of the respired CO, is 
higher after injection of 1-C'-propionate than after injection of 2-C'- 
propionate. This behavior parallels that observed with acetate (11). 
The C™ activity in CO, after 1-C'-propionate during the first half-hour 
is, however, 2 to 3 times as high as that observed after injection of 1-C'- 
acetate. One may conclude from this comparison that decarboxylation 
of propionate proceeds at a higher relative rate than decarboxylation of 
acetate. 

With 2-C'-propionate, the C™ activity in the expired CQ, reaches a 
maximum of about 15 ue. per mole CO./ue. per kilo between 10 and 20 
minutes after injection. 

The specific activity in CO: after injection of 2-C'-propionate is similar 
to that after 2-C'-acetate (11). From this observation one may conclude 
that the relative rate of oxidation (rate per pool content) of the 2-carbon 
of propionate is similar to that of the 2-carbon of acetate. In contrast to 
the observation with acetate, the cow with the higher lactation rate had 
the higher C"™ activity in CO: after injection of 1-C'-propionate. 

Table II shows the mean level of C" in respiratory CO.. This level is 
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C'4 in Respiratory COe after 
d intravenous injection of C'4 
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te ——Carbonate Trial IZ 
) * 60h _ 
rw) 7 P= spec. C!4 activity 
8 50Fs \* pc/mole CO2 7 
2° ” ¢ inject./ Kg. Wt 
> p . pc inject./ Kg. Wt. 
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cH) 
a 
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in 
ies 
| ' Freee bee 
me Time from injection, in hours 
is 
4 Fria. 1 
I). TaBLe II 
ur Influence of Position of Label on Average Level of C4 in Expired CO, 
‘14 ee Sea See ES TPs ae cdinatetedia sana a _ 
| 
. 1 ft uc. per mole COz 
ba 3 | ry fo ome ue. injected per kilo weight 
ol ” {i = ee ‘Te ae i nil lini’ Ratio of mean cu 
Time, ¢, after | Position of label level in COs, 
injection er owe a i cre ae pee _| 1-C'-propionate 
sa 1-Cu 2-cM 2-C'-propionate 
20 poepesese De aye pha serge : _——e 
Trial I | Trial II Trial III | Trial IV 
trek pean eT! SE, Ee Me a a Sie: oF 
ilar is | | | 
ude 1 30.0 | 47.0 12.0 | 13.0 | 3.1 
bon 2 21.0 | 33.0 CBs) fiir WM, «| 2.7 
t to 3 | 16.0 | 25.3 7.8 | 8.7 2.5 
had 6 os | 3s 4.9 | 6.1 2.2 
12 5.1 8.2 ais ae 2.1 
ij 24 2.6 4.3 1.5 | 1.8 2.1 
4] is PS Spee: are ws <0 Vi a Ly wed hb, “4 
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considerably higher for the trials with 1-C'*-propionate than for those with 
1-C"-acetate (11), whereas the mean level after injection of 2-C'*-pro- 
pionate is just slightly lower than the corresponding level after injection 
of 2-C'-acetate. The ratio between the C" level in respiratory CO: after 
injection of 1-C'*-labeled metabolite to the level after injection of 2-C"- 
labeled metabolite is about twice as high for propionate as it was for 
acetate. 

In line with this observation is the result on the relative retention of 
C™ as shown in Table III. These results are obtained from the specific 
activity of the respired CO, and the amounts of CO: expired as measured 
during the 3 hour respiration trial following the injection. 


Taste III 


Relative C' Retention in Cow’s Body in 3 Hours after Injection of C'4-Labeled 
Propionate and Carbonate 

















| Propionate | Carbonate 
1-Cu | 2-C4 | 
Time from | pe , 
injection = rae f ae | ; apa Gee oe a Trial IV 
| Trilt = | 0 Trilty =| Trialtt | TrialIV 
paneer Coe ee ae SicrietaSlaciegaea 3 Ae 
| Retention of C4 in cow’s body 
hrs. per cent | per cent | per cent | a cmt per cent 
0 100 100 | 100 100 100 
iL 58 A 60 85 86 42 
2 45 | 46 74 76 28 
3 38 | 38 69 70 22 


The specific activities in the major constituents of milk are shown in 
Table IV. 

The C" in the carboxyl group of propionate is transferred in equal -pro- 
portions to casein and fat, but to a considerably greater extent to lactose. 
As the last column of Table IV indicates, more of the 2-carbon of pro- 
pionate is incorporated into lactose and casein than of the carboxy! carbon, 
whereas, on the contrary, less of the 2-carbon of propionate than of the 
carboxyl carbon goes to fat. 

The transfer of C'* from propionate to the constituents of the milk may 
be partitioned into a portion that goes through the carbonate pool and a 
portion that by-passes this pool. The calculation of this partition is based 
on earlier measurements of the transfer of carbonate carbon to milk constit- 
uents (10). The calculation is explained in an earlier paper (11). T'able 
V gives the results of this calculation. 

About 30 per cent of the C™ transferred from the carboxy] group of 





pro 
one 


Milk 


lact 
to ¢ 
3-¢¢ 
for 


in 


'O- 
se. 
'0- 
mn, 
he 


ay 
la 
sed 
‘it- 
ble 


of 





KLEIBER, BLACK, BROWN, AND TOLBERT 343 


propionate to lactose passed through the CO: pool. This is only about 
one-half as much as was observed for the transfer from acetate carboxyl to 


TABLE IV 
Specific C'4 Activity in Milk Constituents (d) 


\ = (uc. per gm. atom C in milk constituent) /(uc. injected per kilo body weight). 
| C4 in milk constituent 


Time from | - ais ; [Ratio of means, 
Milk constituent | Period No. | injection at |From 1-C¥- “propionate From 2-C- -propionate| 2-C¥-propionate 


end of period | _| 1-C4-propionate 














Trial I | Trial 11 "Trial Il | Trial Iv | 
| hrs. | | 
Lactose | tne 3 1.44 | 3.60 | 5.88 | 3.85 | 1.93 
. 2. ho 1.43 | 0.93 | 5.45 | 4.79 | 4.34 
Sa 0.51 | 0.16 | 1.17 | 1.14 | 3.45 
| 4 | 34 0.13 | 0.26 | 0.10 | 1.38 
| 5 | 46 0.06 | O.11 | | 0.15 | 1.88 
Casein | 1 | 3 0.25 | 0.70 | 1.75 | 1.01 | 2.90 
2 10 0.24 | 0.29 | 1.65 | 1.22 | 5.42 
3 23 0.21 | 0.72 | 0.45 | 0.37 | 0.88 
4 34 0.10 | 0.06 | 0.13 | 0.14 1.69 
5 46 0.01 | 0.05 | 0.06 | 0.06 | 2.00 
Fat r | 3 | 0.21 | 0.18 | 0.03 | 0.07 | 0.26 
2 10 =| 0.47 | 0.59 | 0.30 | 0.34 | 0.64 
3 23 0.40 | 0.18 | 0.20 | 0.26 | 0.79 
| | 34 0.19 | 0.04 0.08 | 0.12 | 0.87 
bo & el 0.06 | 0.02 | 0.04 | 0.07 | 1.38 
TABLE V 


Partition of C™ Transfer from Propionate to Milk Constituents 
Transfer via CO: pool in per cent of total transfer. 


Transfer via COz in per cent total 
transfer from propionate to 


Trial N Position of C¥ in | Time of comparison; 
rial No. propionate —_|_hrs. after injection : 
| Lactose | Casein | Fat 
eee ress tect | o he 
ber cent | per cent per cent 
I 1-C¥ 46 Pe ae ho 
II 1-C'4 47 36 31 23 
III 2-C'4 70 5 6 21 
IV 2-Ci4 46 7 10 4 


lactose. For synthesis of lactose, therefore, propionate is used as a whole 
to a greater extent than is acetate. This result may be expected, since a 
3-carbon compound may generally be regarded as a more efficient precursor 
for carbohydrates than a 2-carbon compound such as acetate. The trans- 
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fer of C from propionate to casein shows a similar partition between transfer 
through, as contrasted to transfer around, the carbonate pool, as the trans- 
fer to lactose. The results on the partition of the transfer to fat are very 
unreliable and, on the average, no significant difference appears between 
the fat formation from the 1-carbon and the 2-carbon of propionate. 

Fig. 2 summarizes our results on the yield of C" in the major constituents 
of the milk. The curves look similar to those obtained with acetate (11) 
but with the positions of fat and lactose exchanged. The total yield of 
C™ in organic milk constituents during 2 days amounted to 7 per cent of 
the total amount of C" injected as 1-C'-propionate (the same for two par- 




























gt C'4 Yield in Milk Constituents after injection : 
" of C'4 in Propionate a 
© 7 eo 
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4 
So 6 ----O Butterfoat, after |-C'4 propionate} 
ee 5b et) " " 2-Ci4 " 
Oo 
i= 
3 4F ploctose __w.------ " ainaeapoapab aiaaiaiead > 4 
rT) [ --" —— A 
Q -" 
ct ail : 
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= A Casein ~ 
oe ae 
c |! -— \ 
ei ! — — 
+ If t Po ete nti ener od 4 
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x \ Nl | Ll 
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Fig. 2 


allel trials). From the total amount of C™ injected in the 2-carbon of 
propionate, 12 per cent in one trial and 10 per cent in the other appeared in 
organic milk constituents. 

The question as to what extent fatty acids are precursors for organic 
substances synthesized by the animal, such as glucose or glycogen, was 
studied before isotopes became generally available as metabolic tracers. 
Based on measurements of glucose formation in dogs with phlorhizin dia- 
betes, Ringer concluded as early as 1912 (12) that propionic acid is com- 
pletely converted into glucose. Later fatty acids were introduced into 
fasted rats by stomach tube, and at given times after this operation the 
glycogen content of the liver was measured (Cori technique (13)). 

Reviewing results obtained by such measurements in various laboratories, 
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Deuel and Morehouse (14) concluded that the animal readily transfers 
fatty acids with odd-numbered carbon chains to carbohydrate, and that in 
contrast fatty acids with even-numbered carbon chains are not available 
for carbohydrate synthesis. 

Some investigations in which isotopes were used as metabolic tracers 
partly confirmed these earlier results (15). Others, however, produced 
evidence that the conclusions based on the earlier feeding trials had to 
be modified. Lifson et al. (16) showed that at least the 2-carbon atoms of 
acetate and butyrate can enter glycogen, and Kleiber et al. (11) demon- 
strated that intact dairy cows transfer considerable amounts of carbon 
from acetate to lactose. They calculated that not more than 17 per cent 
of the 2-carbon of acetate transferred to lactose came there via the car- 
bonate pool. 

Our trials with C'-labeled propionate indicate that the preisotope ob- 
servations are valid to the extent that they revealed a difference in avail- 
ability of propionate and acetate as precursors for carbohydrate. The 
major part of propionate utilized for synthesis of milk goes to carbohydrate, 
the major part of acetate to fat. 


SUMMARY 


1. Intact normal dairy cows were injected with 1-C'- and 2-C'-sodium 
propionate in doses ranging from 9 to 12 ue. of C per kilo body weight. 
The total doses ranged from 3 to 5 mo of propionate. 

2. The specific activity of C™“ in the expired air reached a maximum 3 
to 5 minutes after injection of 1-C'-propionate and 12 to 15 minutes after 
the injection of 2-C'*-propionate. 

3. The relative decarboxylation rate of propionate appears to be higher 
than that of acetate, whereas the relative oxidation rates of the 2-carbon 
seem to be similar for propionate and acetate. 

4. Only 30 per cent of the C“ transferred from the carboxyl group of 
propionate to lactose passed through the carbonate pool of the cow, and 
less than 10 per cent of the C transfer from the 2-carbon of propionate to 
lactose passed through the carbonate pool. The partition of transfer to 
casein Was similar. 

5. Over 7 per cent of the C™ injected into the cow as part of 2-C'-pro- 
pionate appeared in the lactose during 2 days following the injection. 
About 4 per cent of the C™ injected in the carboxyl group of propionate 
appeared in the lactose, about 2 per cent of the 2-C" and 1 per cent of the 
carboxyl-C™ appeared in casein, and about the same amounts but in re- 
versed order were found in butter fat. 


The valuable cooperation of Patricia T. Adams of the bioorganic group 
at the Radiation Laboratory at Berkeley is gratefully acknowledged. She 
synthesized the labeled propionate and helped in the writing of this paper. 
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PROTEINS IN MULTIPLE MYELOMA 
II. BENCE-JONES PROTEINS* 


By FRANK W. PUTNAM anp PETER STELOS 
(From the Department of Biochemistry, University of Chicago, Chicago, Illinois) 


(Received for publication, January 29, 1953) 


The term “Bence-Jones protein” in fact designates a group of proteins 
often found in the urine of individuals with multiple myeloma and identi- 
fied by the property of precipitating at 45-55° and redissolving upon boil- 
ing (1). Though first reported a century ago by Bence-Jones, these un- 
usual proteins have not yet been fully characterized by physical methods 
or by chemical analysis. The divergence in sedimentation constants (2-6), 
the range in electrophoretic mobilities (1, 6, 7), the classification into differ- 
ent serological groups (8, 9), and the varying solubilities (1) of Bence-Jones 
proteins excreted by different individuals have made it clear that some, at 
least, of these substances differ in size or structure. In the course of a 
physicochemical and isotopic study of the proteins in multiple myeloma 
(10, 11), opportunity arose for the investigation of urinary proteins from 
eighteen cases. About half of these exhibited the characteristic behavior 
on heating and were suitable for physicochemical study; the others were 
grossly heterogeneous. All the homogeneous proteins were found to differ 
in one or more physical characteristics. 


EXPERIMENTAL 
Materials and Methods 


All the proteins studied were obtained from the urine of patients with 
verified cases of multiple myeloma. Seven of the subjects were in the 
group, the serum proteins of which have previously been described (10). 
Whenever protein was detected by the heating test, it was analyzed elec- 
trophoretically and in the ultracentrifuge.!_ For this purpose the urine was 


* Aided by research grants from the National Cancer Institute, National Institutes 
of Health, United States Public Health Service, and the Dr. Wallace C. and Clara A. 


- Abbott Memorial Fund of the University of Chicago. 


1 The customary heating test was found unsatisfactory for the differentiation of 
Bence-Jones and other urinary proteins. A study of the effect of pH showed that 
precipitation occurred only over a narrow range near the isoelectric point. For 
example, protein A precipitated only from pH 3.7 to 6.2 with maximal coagulation 
at pH 5.35, compared to an isoelectric point of pH 4.75. The concentration also 
affected resolution on boiling. Thus protein G, excreted at the rate of 30 gm. daily, 
was reported to us as ‘‘albumin;”’ physicochemical analysis suggested that it was a 
Bence-Jones protein, and this was verified by the positive test given after heating 
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first dialyzed against water, and, if necessary, was concentrated prior to 
dialysis against Veronal buffer at pH 8.6, 0.1 ionic strength. In general, 
the homogeneous proteins were prepared by lyophilization of the dialyzed 
urine;? in some cases (proteins E, F, G) the protein was precipitated by 
addition of solid (NH4).SO, to three-quarters saturation at a pH near the 
isoelectric point (pI).* 

Electrophoretic analysis, ultracentrifugation, and the measurement of 
diffusion constants were carried out as previously described but without re- 
frigeration of the ultracentrifuge (10). Except where stated, the sedi- 
mentation constant (s.) and the diffusion constant (Deo) are corrected to 
the water basis at 20°, the former being expressed in Svedberg units (S). 
Mobilities are corrected to 0° and are given in units of u = 10-5 em. sec. 
volt. The pH-mobility and pH-stability curves were determined by 
using buffers of 0.1 ionic strength described by Alberty (13). 


Physicochemical Identification of Urinary Proteins 


The eighteen urinary protein specimens were analyzed in the Veronal 
buffer at pH 8.6 to enable comparison of their sedimentation constants and 
mobilities with those of normal and pathological serum proteins. Table 
I records the physical constants of all the urinary proteins, and electro- 
phoretic diagrams of proteins A to H are given in Fig. 1. 

From a study of the electrical mobilities and the sedimentation constants 
in Table I, it may be seen that none of the first ten urinary proteins listed 
(proteins A to J) contained appreciable amounts of serum albumin, a pro- 
tein which has a mobility of about 6 u in this buffer and an 29 of 4.2 §, or 
of the serum globulins for which seo = 6.6S or greater. Nevertheless, sev- 
eral of these specimens had been reported as “albumin” by the clinical lab- 
oratory. To be sure, a number of the specimens contained up to 5 per cent 
of a component identifiable as serum albumin by its electrical mobility, and 
the other more heterogeneous urinary proteins (K to R) may have con- 
tained more albumin. However, with the exception of specimen N, no 
major urinary protein fraction was identified as a serum component. 

On the basis of their relative homogeneity and their sedimentation con- 





at a different pH and at greater dilution. Consequently, for this discussion urinary 
proteins are classified as Bence-Jones proteins if they yielded the unequivocable heat 
reaction at some pH or dilution, if their molecular weight or s29 was lower than that 
of serum albumin, and if they satisfied the standards of physical homogeneity to be 
described. 

2 We are indebted to Dr. Charles B. Huggins for supplying several large samples 
of lyophilized Bence-Jones proteins (A, B, C, D) and to Dr. S. O. Schwartz for aid 
in obtaining other specimens. 

3 A erystalline Bence-Jones protein (E) prepared by ammonium sulfate precipita- 
tion was kindly provided by Dr. W. H. Summerson (12). 
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TABLE I 
Physical Constants of Urinary Proteins in Buffer at pH 8.6 








Group I Group II 

Protein* | Mobility So | Protein® Mobility Say 
A 4.7 3.41 K | 4.0f 2.25 
B 4.2 3.14 L 1.8f 2.05 
C 3.3 3.638 | M 6.30 
D 2.4 3.44 en 6.9, 1.9 3.87, 5.60 
E 1.4 3.36 O Very heterogeneous Heterogeneous 
F 3.4 3.08 | P : ” : 
G 2.6 3.28 Q ‘s | a 
H 3.2 3.30 R “ a # 
I 3.28 | 
J 1.0 3.41 


* The proteins may be identified with the Case numbers of the preceding paper 
(10) as follows: protein A, Case 17; protein B, Case 24; protein C, Case 21; protein D, 
Case 18; protein P, Case 19; protein Q, Case 9; protein R, Case 8. 

+ Upon prolonged electrophoresis, split into two components (major 4.0 u, minor 
3.8 u). 

¢{ Contained three other minor components. 

§ In acetate buffer at pH 5.5. 
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Fia. 1. Electrophoretic diagrams of Bence-Jones proteins in Veronal buffer, pH 
8.6. Ascending boundaries on the left, descending boundaries on the right. A 


schlieren photograph of the starting boundary is superimposed on the patterns. 
349 
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stants, the proteins of Table I have been divided into two categories. 
Group I comprises those specimens which exhibited a single boundary upon 
electrophoresis or ultracentrifugation, and which have sedimentation con- 
stants in the range of 3.1 to 3.68. In our hands, all these substances gave 
a positive test for the Bence-Jones protein and are so classified, although 
further investigation revealed that some of the specimens contained two 
components. Group II contains specimens which were more difficult to 
classify. Specimen K and L appeared to be Bence-Jones proteins of lower 
molecular weight than those of Group I, but specimen L contained three 
minor electrophoretic components. Specimen M was an unknown sub- 
stance, possibly a serum globulin, but specimen N seemed to be a mixture 
of albumin and y-globulin. The remaining samples, specimens O to R, 
were grossly heterogeneous in electrophoresis; the patterns were diffuse 
and indicated up to five components. The sedimentation diagrams of 
specimens N to Q were also very diffuse, owing to the presence of unsedi- 
mentable material; the mean s2 was about 2 S, indicating that the sub- 
stances may have been proteoses or degraded proteins. Only the proteins 
of Group I were studied further. 


Electrophoresis of Bence-J ones Proteins 


Homogeneity and Stability—Because the proteins of Group I differed 
greatly in mobility at pH 8.6 and some had skewed patterns (Fig. 1), elec- 
trophoretic analysis of the first seven was carried out over a wide pH range. 
A striking difference in homogeneity, stability, and isoelectric point was 
found. The patterns of Fig. 1 are fairly representative of the electrical 
homogeneity of the proteins from about pH 5 to pH 10. Proteins A, C, 
D, and F were free of contaminants except for 2 to 3 per cent of serum al- 
bumin; proteins B, E, and G migrated with skewed patterns, but did not 
separate into two components in this pH range. However, in the acid re- 
gion all the proteins except E separated into two distinct components or 
gave a skewed pattern. In contrast, protein E, though a crystalline prep- 
aration, migrated as a single symmetrical boundary only at pH 5 and be- 
low. The patterns altered at varying acidity, ranging from pH 3.8 for 
protein A to pH 5.0 for proteins B and E. Study with the ultracentrifuge 
suggested that this behavior resulted from lability in acid rather than from 
a natural heterogeneity. Consequently, the proteins which migrated with 
a single symmetrical peak from pH 5 to 10 were considered to be at, least 
95 per cent homogeneous; the other specimens probably were mixtures of 
two Bence-Jones proteins. 

Isoelectric Point—Just as the seven proteins differed significantly in mo- 
bility at pH 8.6, their pH-mobility curves and isoelectric points likewise 
differed, as is illustrated in Figs. 2 and 3 and in Table II. The one excep- 
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Fie. 2. Mobility curves of Bence-Jones proteins A to E in buffers of 0.1 ionic 
strength. The dash lines indicate the breakdown into two components. The mul- 
tiple signs refer to the mobilities obtained in a mixture of the five proteins. 
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Fig. 3. Mobility curves of Bence-Jones proteins F and G in buffers of 0.1 ionic 
strength. The dash line indicates the breakdown into two components. 


tion is that the mobility curves for proteins C and F are identical above 
their common isoelectric point, pH 4.9; however, protein F split into three 
components just below the pI, whereas protein C was more stable. Fig. 
2, containing the pH-mobility curves for proteins A to E, illustrates the 
surprising variation in the electrochemical properties of these five pro- 
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teins. The pI ranges from pH 4.6 to 6.7, and at pH 6.5 a mixture will sep- 
arate into five components. A characteristic feature of the mobility curves 
is that they merge between pH 4 and 5 where the proteins are unstable. 
It is noteworthy that the mobilities of the products formed at pH 3 are al- 
most identical in the instances in which these were determined (proteins A, 


F, and G). 








TaBLeE IT 
Molecular Constants of Bence-Jones Proteins 
| Dao, 1077 cm.?2 | 
Protein pl 530 | sec.~} (Udin and Mol. wt. S/fo 
| Putnam) 
= = — ae 

A 4.75 3.66* 7.70* 42,200 1.16 
B 4.6 3.44* 
C 4.85 3.63f 
D 5.5 3.44} 7.65* 43,500 1.19 
E 6.7 3.53§ 
F 4.9 3.37|| 
G 5.6 3.36|| 




















* pH 4.5, ionic strength 0.2, acetate buffer. 

t pH 5.5, ionic strength 0.1, acetate buffer. 

t pH 8.6, ionic strength 0.1, Veronal buffer. 

§ pH 4.0, ionic strength 0.1, acetate buffer. This protein appeared homogeneous 
in electrophoresis only from pH 3.0 to 5.0. 

|| pH 5.0, ionic strength 0.1, acetate buffer. 





Ultracentrifugation of Bence-Jones Proteins 


Homogeneity—The sedimentation velocity diagrams of four representa- 
tive Bence-Jones proteins (A to D) given in Fig. 4 reveal a significant differ- 
ence in molecular homogeneity despite the similarity in s29. Proteins B 
and F sedimented with diffuse boundaries indicative of heterogeneity, 
whereas the other proteins appeared homogeneous. In the former cases 
the area under the refractive index gradient accounts for only a fraction of 
the protein, but in others such as protein C the protein sedimented uni- 
formly and the boundary spreading is almost entirely attributable to the 
high diffusion constant (see below). In contrast to this rather homoge- 
neous group of proteins with so, = 3.18 to 3.6S stands the group of elec- 
trophoretically heterogeneous proteins (O, P, Q) which consisted largely 
of unsedimentable material or else material sedimenting with a continuous 
refractive index gradient with only a slight peak at about so = 25S. 

pH-Stability—After early observations suggested that the Bence-Jones 
proteins are unstable at acid pH, a comparative study of proteins F and G 
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was made over the range, pH 3 to 10, by means of electrophoretic and sedi- 
mentation velocity analyses. Aliquots made up to | per cent concentra- 
tion in buffers of 0.1 ionic strength were equilibrated by dialysis overnight 
at 4° and then were analyzed simultaneously with the two instruments. 
The pH-mobility curves of proteins F and G have already been shown in 
Fig. 3; the corresponding molecular pH-stability curves are given in Fig. 
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Fria. 4. Sedimentation diagrams of Bence-Jones proteins A to D in buffers of 0.1 
ionic strength. Photographs taken at 32 minute intervals at 59,780 r.p.m. with a 
bar angle of 45°, except for the first photographs of D, in which the bar angle is 60°. 


Proteins A, B, and D were in Veronal buffer, pH 8.6, protein C in acetate buffer, 
pH 5.5. 





















































5. In both instances a single symmetrical boundary was obtained and the 
sedimentation diagrams appeared identical from pH 5 to pH 10. Fur- 
thermore, as seen in Fig. 5, there was no significant change in s29 in this pH 
region,’ except.for a drop in the sx> of protein F at pH 10. However, at 
pH 4, in both cases the peak became skewed and diffuse, and at pH 3 there 
were a large decrease in s.) and a pronounced distortion in the boundary. 
These changes in sedimentation behavior were accompanied by the appear- 
ance of three components in the electrophoretic pattern of protein F and 

‘The slight scatter in soo from pH 5 to pH 9 may result from the fact that these 
values were not corrected for buffer density and viscosity. 
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of two components for protein G. At pH 3 the mobility of the latter sub- 
stances coincided with the mobility of the two major peaks of protein F, 
Thus, both ultracentrifugal and electrophoretic data indicate that these 
proteins are unstable at acid pH just below the isoelectric point; 7.¢., in 
the region where the heat test is usually made. Although several other 
Bence-Jones proteins yielded a similar electrophoretic pattern at pH 4, 
decomposition at acid pH is not a uniform characteristic. The crystalline 
specimen is an apparent exception, and Svedberg and Sjggren (2) found that 
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Fig. 5. Sedimentation constant of Bence-Jones proteins F and G as a function of 
pH in buffers of 0.1 ionic strength. The values are not corrected for the effect of 
buffer density and viscosity. 


the seo of their protein a was steady from pH 1.2 to 10.5, above which the 
sedimentation constant dropped progressively. 

Heat Stability—A few observations on heated Bence-Jones protein were 
made under the conditions of the clinical laboratory test to ascertain 
whether the latter depended upon gross changes provoked by heating and 
detectable by change in physical constants.’ A 1 per cent solution of pro- 
tein A was gradually heated for 10 minutes between 40-60° in a phosphate 
buffer, pH 6.8, in which the protein does not coagulate.6 Upon ultra- 
centrifugation it was found that the solution contained only unsediment- 
able material. Two other samples in acetate buffer, pH 5, were heated at 

5 Analyses performed by Dr. B. Udin and Dr. F. W. Putnam (7). 


6 This protein does, however, precipitate on heating at pH 6.8 in cacodylate buffer 
and redissolves on boiling. 
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50-57°, the one briefly to produce clouding and the other for 5 minutes to 
yield a heavy precipitate. Both samples were dialyzed against Veronal 
buffer, pH 8.6, whereupon the protein redissolved. The sedimentation 
diagram and s9 were only slightly altered. Protein A was boiled for 2 
minutes in the buffer at pH 8.6, dialyzed, and then analyzed by electro- 
phoresis, the boundary skewed, and the mobility decreased from —4.64 u 
to —3.8u. Thus, this protein is disrupted by moderate heating in a buffer 
in which precipitation does not ensue, but paradoxically the protein retains 
its molecular integrity at a pH where thermal coagulation does occur, and 
close to the pH where it is unstable. Possibly labile linkages within the 
molecule are protected by coagulation at 50°, only to be disrupted on boil- 
ing with attendant redispersion of the precipitate. 


Molecular Constants of Bence-Jones Proteins 


The variation in s for different Bence-Jones proteins described here and 
elsewhere (4-6) casts doubt on the validity of the molecular weight of 
35,000 to 37,000 usually assigned to these substances (4). Accordingly, 
Deo was measured for two of the better specimens, 7.e. proteins A and D. 
These measurements® were made at pH 4.5 near the isoelectric point. 
Though this is close to the region of acid instability, the sedimentation 
diagrams of protein A were unchanged after 21 days at this pH. 

Table II contains Dzo for proteins A and D, together with the molecular 
weight calculated on the assumption that the partial specific volume is 
0.749, as reported for Bence-Jones protein a (4). Table II also lists the 
isoelectric points of the seven proteins, A to G, and gives so at a pH in 
the isoelectric region wherever that is available. The calculation of the 
molecular weight of proteins A and D depends upon the assumption that 
that seo and Deo are essentially independent of concentration. The values 
of the frictional ratio (f/fo) are so low that the deviation from unity may 
largely be attributed to hydration, and the molecules are thus apparently 
almost symmetrical in shape. Investigation of the effect of protein con- 
centration on S29 was made for protein A at pH 4.5 in the same buffer used 
for diffusion studies. As would be expected for a symmetrical molecule, 
S29 Was independent of concentration within experimental error (range of 
3.56 to 3.61 S for a protein concentration range of 0.4 to 2.8 mg. of N per 
ml.). Since Bence-Jones proteins a and 8 of Svedberg and Pedersen (4) 
likewise have low frictional ratios, the deviations in seo reported for dif- 
ferent Bence-Jones proteins do not arise from a concentration effect.’ 


7 The frictional ratio below unity recorded for Bence-Jones protein a by Svedberg 
and Pedersen (4) is less than theory and allows doubt about their molecular weight 
value of 35,000. 
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DISCUSSION 


This comparison of urinary proteins derived from eighteen cases out of | 


a large group of individuals with multiple myeloma has shown that in no 
instance are the proteins identical in physicochemical properties. Con- 
trary to the experience of Rundles eé al. (6), in almost half our subjects the 
urinary proteins were grossly heterogeneous, although only one specimen 
contained much serum protein. Of a group of seven rather homogeneous 
proteins, all of which gave a positive Bence-Jones test, only two were iden- 
tical in isoelectric point and pH-mobility curve, and even these differed 
in S29 at pH 8.6 and in lability towards acid. Although the 829 of the seven 
proteins fell into the narrow interval of 3.1 S to 3.6 S, this range is believed 
to be outside of experimental error and is not due to a concentration effect. 
Thus from physicochemical analysis it is concluded that different Bence- 
Jones proteins are elaborated by different patients. This idea was pre- 
viously suggested by Gutman (1), who pointed out that various authors 
(each studying only several specimens) had found differences in mobility 
at pH 7.4 and a range in 82) from 2.88 to 4.0S. However, the variation 
in ionic structure of the Bence-Jones proteins was made apparent only by 
the pH-mobility curves given herein.® 

Supporting the physicochemical evidence for individuality of the Bence- 
Jones proteins, immunological study has repeatedly demonstrated that 
there are at least two antigenically specific groups of these proteins, and 
that both may appear even in the same urine. It is interesting that large 
differences in ionic structure are not reflected by the serological reaction, 
for, when antiserum was prepared to protein A (pI = pH 4.8), the serum 
reacted at a dilution of 1:100,000 with proteins D and E (pI = pH 5.5 
and pH 6.7 respectively), and at a dilution of 1:80,000 with protein B 
(pI = pH 4.6). However, the grossly heterogeneous protein R did not 
form a precipitate with the antiserum (7). 

The discovery of the thermal and acid lability of the Bence-Jones pro- 
teins may aid in explaining some of the characteristics of these substances. 
Since Bence-Jones proteins of different immunological specificity and differ- 
ent electrical mobility may be detected in serum, it is unlikely that the 
variety of proteins arises by renal action. However, cleavage in the kidney 
may produce the heterogeneous low molecular weight specimens encoun- 
tered in this study. In like manner, fragmentation of the protein on heat- 


8 When the mobility at pH 8.6 of the twenty “homogeneous” Bence-Jones proteins 
in this series and that of Rundles et al. (6) are plotted as a histogram, only 20 per 
cent of the values clusters at one point and the remainder is randomly distributed 
from 1.2 to 4.7 u. On the other hand, a histogram of the sedimentation constants of 
twenty-five specimens reported on here and in the literature reveals that 80 per cent 
is in the range of 2.9 to 3.7 S and 64 per cent is within the range, 3.0 to 3.4 S. 
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ing may account for the solubility of the precipitate on boiling. This 
last hypothesis is attractive because most other proteins are aggregated 
by heating. 

The molecular constants of the Bence-Jones proteins indicate that all 
we have encountered are smaller than serum albumin. This, together with 
the greater symmetry of the molecules, affords a ready explanation of their 
excretion in the urine. Indeed, it has long since been demonstrated that 
Bence-Jones proteins easily pass through the kidney of the cat or rabbit 
but normal serum proteins are withheld (14). The small size of the Bence- 
Jones proteins has also given rise to the idea that they originate by renal 
cleavage of serum proteins (6). This hypothesis, which is contrary to the 
evidence for Bence-Jones proteins in the circulation, cannot be judged on 
the basis of molecular kinetic data. Indeed, isotopic studies in our lab- 
oratory indicate that the turnover rates of plasma proteins and Bence- 
Jones proteins are independent, suggesting a lack of precursor relationship 
(15). 

The profuse synthesis and diverse nature of the proteins elaborated in 
multiple myeloma constitute the most profound alteration in protein me- 
tabolism in any disease. It may be hoped that the biochemical study of 
this striking phenomenon may have — in the analysis of the mech- 
anism of protein synthesis. 


SUMMARY 


Physicochemical analysis of the urinary protein excreted by eighteen 
individuals with multiple myeloma has revealed a striking difference in 
homogeneity and in electrophoretic mobility. In ten cases (Group I) a 
single major boundary was obtained on electrophoresis and ultracentrifu- 
gation at pH 8.6, and the sedimentation constant was in the range of 3.1 
to 3.6 Svedberg units. The other proteins (Group IIL) were mainly of lower 
molecular weiglit and were usually very heterogeneous. Although the sub- 
stances of Group I satisfied criteria for Bence-Jones proteins, all differed 
in one or more physical properties such as sedimentation constant, iso- 
electric point, electrical or molecular homogeneity, and pH-stability. Al- 
though the pH-mobility curves of seven of the Bence-Jones proteins varied 
greatly with a range of isoelectric points from pH 4.6 to pH 6.7, four were 
immunologically related and all appeared to have molecular weights of 
about 43,000. These proteins were disrupted by acidification to pH 3 or 
4 without heating, and also appeared to be fragmented at neutral pH by 
heating. The physicochemical analysis, though establishing the diversity 
of the Bence-Jones proteins, fails to indicate their origin. 


Addendum—As the result of study of samples of Bence-Jones proteins prepared 
by different methods from the urine of a single patient, Jirgensons, Landua, and 
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Awapara (16) recently concluded: ‘“The discrepancies in properties of Bence-Jones 
protein as reported by different investigators may be ascribed to the multiplicity 


of procedures used for isolation.” Since these authors also stated that the homo- | 


geneity of the protein they studied was questionable, and because they used drastic 
methods of isolation and drying, it is not surprising that they were able to obtain 
products differing in chemical and physical properties. Their conclusion cannot 
apply to our work, for clear differences in the physical properties of Bence-Jones 
proteins from different patients were demonstrated by electrophoresis and ultra- 
centrifugation of the dialyzed, but otherwise untreated, urines as well as after prepa- 
ration by lyophilization or precipitation with ammonium sulfate. Nor can their 
conclusion hold for the previous work of Rundles et al. (6), who observed variation 
in the physical properties of Bence-Jones proteins obtained by precipitation with 
ammonium sulfate from the urines of twenty patients. 
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THE COMPOSITION OF THE ADULT HUMAN BODY AS 
DETERMINED BY CHEMICAL ANALYSIS* 
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(From the Division of Animal Nutrition, Urbana, Illinois, and the Department of 
Anatomy, University of Illinois, Chicago, Illinois) 


(Received for publication, January 19, 1953) 


Published analytical data on the chemical composition of the adult human 
body are scant and statistically inadequate. References to the earlier 
literature may be found in a previous communication from this labora- 
tory (1) and in a more recent contribution by Widdowson, McCance, and 
Spray (2), which are the most complete reports available. 

An important application of such data relates to the validity of met- 
abolic balance studies of nitrogen, calcium, iron, etc., as measures of the 
daily net requirements of humans for these nutrients. If the results of 
such studies, conducted at various stages of growth, are integrated, and 
the total amount of nutrients so calculated to be present in the adult are 
in good agreement with analytical data obtained by direct chemical anal- 
ysis of the adult, then the use of metabolic balances for the above purpose 
would appear to be a valid technique. 


Methods and Materials 


The subject was a white male 46 years of age, 53.8 kilos in weight, and 
168.5 cm. tall. Other measurements taken were as follows: stem length 
(top of head to perineum) by calipers 87.2 cm., shoulder (biacromial) 
width 38.4 cm., width between iliac crests 29.3 cm., circumference of upper 
chest 78.0 cm. 

Death was due to a skull fracture as a result of a fall; a postmortem ex- 
amination performed by one of the authors (A. R. C.) confirmed this diag- 
nosis and revealed hypostatic congestion of the lungs. No other abnor- 
malities were noted. 

The use of Edwards’ nomogram (3) leads to the conclusion that this 
specimen was 23 per cent below the average weight for his age and height. 
His appearance was that of a moderately thin man in good physical con- 
dition. 

After admission of the patient to the hospital in an unconscious state, 
medication consisted of penicillin and intravenous dextrose and saline; 4 


* The data reported in this paper were secured in the course of an investigation 
of the trace element content of human tissues, covered by the Atomic Energy Com- 
mission contract No. AT(11-1)-67, project 7, with the University of Illinois. 
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hours before death, 5 days after admission, 30 gm. of aminopyrine were 
given for elevated temperature. 

The body was preserved at 4—-5° for the Ist week after death, and by 
freezing at —18° until dissection was started 1 month later. Dehydra- 
tion during storage in the frozen state was limited to 0.03 per cent of the 
body weight by wrapping the specimen in a plastic sheet. 

Dissection of the cadaver to obtain the various organs and tissues de- 
sired for study was made under the supervision of two of the authors (A. 
R. C.and R. M.F.). Care was taken to minimize and to measure moisture 
loss during all the steps of preparation of the samples. Since trace min- 
eral elements were to be determined, particular precautions were taken to 
prevent contamination. The dissection was performed on a stainless steel 
table covered by a polyvinyl sheet, and all the instruments used were of 
stainless steel. The organs and tissues, as soon as obtained, were placed 
in bags of polyvinyl plastic. When dissection was completed and the sam- 
ples were weighed, representative portions of the larger samples and all of 
the smaller samples were placed in stainless steel containers with close 
fitting covers, and all the samples were autoclaved at 15 pounds pressure 
for 45 minutes. Following this, the containers were sealed and the samples 
preserved by freezing until prepared for chemical analysis. 

Soft tissue samples were prepared for analysis by first being diced in a 
porcelain bowl with stainless steel knives. After thorough mixing, a por- 
tion was removed for macronutrient analysis and was ground in a power 
grinder. The remainder was reserved for subsequent analysis for trace 
element content. Representative portions of the skeleton were commi- 
nuted as finely as possible with an iron mortar and pestle. The entire left 
tibia, ulna, and femur were so treated and analyzed separately. 

Moisture was determined on all the samples by drying them to constant 
weight in a vacuum oven at 70°. Ether extraction of the dried samples 
was accomplished by the Soxhlet principle, a low boiling petroleum ether 
being used for 48 hours. Total nitrogen was determined by the Kjeldahl- 
Wilfarth-Gunning method with mercury as a catalyst; the samples were di- 
gested for 4 hours after clearing. The factor 6.25 was used to convert ni- 
trogen data to protein equivalent. Ash was determined with a muffle 
furnace at 600°. Calcium and phosphorus were determined on the ash, 
calcium in bones by permanganate titration of the oxalate (according to 
the method of the Association of Official Agricultural Chemists), calcium in 
soft tissues by colorimetry (4), and phosphorus in bone by the standard 
phosphomolybdate titrimetric procedure and in soft tissues by the color- 
imetric procedure of the Association of Official Agricultural Chemists. 

The total weight of the individual tissues and organs was 1.40 kilos less 
than the weight of the cadaver when dissection was started. This ‘‘loss”’ 
is treated as water in adjusting all the results to the original fresh basis. 
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EXPERIMENTAL 


The analytical results obtained on the organs and tissues are shown in 
Table I, as is the precentage contribution of each chemical subdivision to 


TABLE I 
Chemical Composition of Adult Human Body 
The values are given in per cent. 



































| | | | 
we Water Pree ( gore Ash | Ca | P 
Bice h er oh eal rae, 6.33 | 57.71 14.23 | 27.33 0.62 | 0.0034 | 0.070 
Skeletons + isc isneecces 17.58 | 28.17 | 25.04 | 19.71 | 26.62 | 10.68 4.61 
MEGtHA es ae seek cass 0.08 | 5.00* 23.00* | 67.95 | 25.05 12.09 
Striated muscle....... 39.76 | 70.09 6.60 | 21.94 1.01 | 0.0066 | 0.156 
Brain, spinal cord, 
nerve trunks........ 2.99 | 75.09 | 12.35 | 11.50 1.37 | 0.0147 | 0.299 
BIVGE Ss fen ioeeciac.vate 2.34 | 71.58 3.11 | 22.24 1.35 | 0.0133 | 0.303 
ER ORR Giz, .folcadielstes Hkeretacs 0.52 | 62.95 | 16.58 | 17.48 0.61 | 0.0058 | 0.144 
TU GA ey ced hots esas 3.30 | 77.28 1.32 | 19.20 1.03 | 0.0090 | 0.132 
SpleGh 4.6 oka peiees 0.11 | 78.69 1.19 | 17.81 1.13 } 0.0089 | 0.217 
OHO YS 65 245.300 ae. 0.51 | 70.58 7.18 | 19.28 0.87 | 0.0057 | 0.188 
DANGERS Soins oe acexe 0.14 | 73.08 | 13.08 | 12.69 0.93 | 0.0143 | 0.155 
Alimentary tract...... 1.86 | 77.40 9.17 | 12.77 0.53 | 0.0140 | 0.098 
Adipose tissue. ....... 11.37 | 23.02 | 71.57 | 5.85 0.20 | 0.0078 | 0.031 
Remaining tissue, solid] 11.43 | 59.29 | 22.47 | 17.28 0.85 | 0.0257 | 0.088 
“cc “cc liq- 
TEC cl rena ee 0.59 | 81.45 2.55 | 13.58 0.82 | 0.0044 | 0.104 
Bile, content of blad- 
der and alimentary 
WEROU sone eet nae 0.99 
Hair and nails........ 0.10 
Average (weighted) 
all tissues......... 98.91 | 55.74 | 19.66 | 18.82 5.49 | 1.928 0.936 
Total composition 
whole body weigh- 
ing 53.80 kilos.....| 100.00 | 55.13 | 19.44 | 18.62 5.43 | 1.907 0.925 
Composition _fat- | 
free body......... | | 69.38 | 23.43 6.83 | 2.400 | 1.164 





* Chemical composition assumed. 
t Congested with blood. 


the entire body. The last three horizontal rows of figures show the compo- 
sition of the entire body on the various bases indicated. On the basis of 
the tissues analyzed, or for which analyses were assumed, only 0.29 per cent 
is unaccounted for. 

Table II shows the macronutrient composition of the three “normal” 
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specimens for which these data are available. Owing to the variation in 
fat content, the data are presented on the fresh and on the fat-free basis. 
The specimen analyzed by Mitchell et al. was definitely of higher moisture 
and lower fat content than were the other two. In spite of this, the sep- 
arable fat in the present specimen amounted to only 11.37 per cent of the 
body weight while constituting 13.63 per cent of the weight of the specimen 
analyzed by Mitchell et al. The additional fat found in the skeleton 
(25.04 per cent versus 17.18 per cent) and skeletal muscle (6.60 per cent 
versus 3.35 per cent) of the present specimen largely accounts for the diff- 
erence. Unfortunately, Widdowson et al. report no data on these tissues 


TasBie II 
Chemical Composition of Adult Human Body on Fresh and Fat-Free Bases As Reported 
in Literature and from This Study 
The values are given in per cent. 
































This study Mitchell e¢ al. (1) Widdowson é¢ al. (2) 
Constituent 
Fresh Fat-free Fresh Fat-free Fresh Fat-free 
PRR SRN S AS cao Sh oe 19.44 | 12.51 23.6 
MIN UBED SAS sce e oe pees 55.13 | 69.38 67.85 77.55 56.0 73.2 
Crude protein............ 18.62 | 238.43 14.39 16.45 14.4 19.2 
1: CRE ih AO ga a eS a 5.438 | 6.83 4.84 5.53 6.0 | 7.6 
J OER re 1.907 | 2.40 | 1.596 1.82 20 | 2:45 
Phosphorus............... | 0.925 | 1.16 | 0.771 | 0.88 | 1.04 | 1.29 
| 
| ee | 2.07:1 | 2.07:1 | 1.92:1 





separately. It should also be noted that they determined the water con- 
tent by difference, not by analysis. 

The following data show the contribution, in per cent, of the striated 
muscles to the total body composition; the figures in parentheses are those 
obtained by Mitchell et al.: body weight 39.76 (31.56), water 50.54 (38.8), 
fat 13.50 (8.1), protein 46.85 (34.6), ash 7.36 (5.6), calcium 0.14 (0.2), phos- 
phorus 6.7 (4.5), dry matter 26.51 (19.2). It may be seen that, compared 
to the data of Mitchell, the skeletal muscle of the present specimen con- 
tributed more than its proportionate share of fat-soluble material to the 
total body fat. 

Table III shows the composition of the individual bones as well as of 
the entire skeleton on various bases. The percentage contribution of the 
skeleton to the total body composition, with comparative data from Mitchell 
et al. in parentheses, is shown as follows: body weight 17.58 (14.84), water 
8.98 (9.0), fat 22.64 (19.5), protein 18.62 (18.6), ash 87.27 (85.7), calcium 
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99.58 (99.0), phosphorus 88.65 (90.0), dry matter 28.15 (30.1). These data, 
as well as those for the individual bones, are strikingly similar. ‘The most 




































































, significant difference is in the calcium to phosphorus ratio of the rib; in 
) TaBLeE III 
1 Chemical Composition of Bones 
1 The values are given in per cent. 
t eps Ce 
Dry, Dry, 
Fresh D Fresh D 
‘ basis | basis fatcree Ash | ‘basis | basis | fat-free | Ash 
S pawns: was 
Tibia Ulna 

d Moisture.......... 11.92 | | 15.76 | | 

Ether extract...... 49.12 | 50.09 | | 19.91 | 23.68 

Crude protein. ....| 15.56 | 17.67 | 35.40 22.25 | 26.41 | 34.58 
= NBM Sass Aleta oes 30.47 | 34.59 | 69.30 42.22 | 50.12 | 65.63 
) CaleraMe .0)c006% 11.44 | 12.99 | 26.03 | 37.56 | 15.04 | 17.85 | 23 .37 | 35.61 
a Phosphorus........ 5.04 | 5.72 | 11.46 | 16.54 | 6.54 | 7.76 | 10.16 | 15.4 
Of 0) larger | 2.27:1 | 2.30:1 

10th rib Total skeleton 

Moisture. ......... 26.32 | 28.17 | | 

Ether extract...... 7.88 | 10.69 25.04 | 34.86 | 
| Crude protein. ....| 29.00 | 39.36 | 44.07 19.71 | 27.45 42.14 | 
BAN screams eweee 34.28 | 46.53 | 52.10 26.62 | 37.06 | 56.89 | 

Galen... .6i35.05 12.68 | 17.21 | 19.27 | 36.99 | 10.68 | 14.86 | 22.81 | 40.09 

Phosphorus........ 5.72 | 7.76 | 8.69 | 16.68 4.61 | 6.42 | 9.86 | 17.33 
Ss GUE et Shs ail 2.22:1 2.31:1 
n- Ba». t | Water Fat Protein Ash Ca RP Bs. 
ss Contribution of 
; skeleton to total 
se composition of 
D; DOGS ire 5 iso ies 17.58 | 8.98 | 22.64 | 18.62 | 87.27 | 99.58 | 88.65 | 28.15 
S- Contribution of | | | | 
x4 | striated muscle | | 
” to composition | | | | 
Of Body... 5... 39.76 | 50.54 13.50 | 46.85 7.36 | 0.14 | 6.70 | 26.51 
€ ' | ae, 














of this investigation the tenth rib had a Ca:P ratio of 2.22:1, while in that of 
he Mitchell e¢ al. the ninth rib was calculated to have a Ca:P ratio of 2.35:1. 
ell The ash of the latter bone contained 38.97 per cent of calcium and 16.60 per 
er cent of phosphorus, while in the specimen herein reported the figures were 
m 36.99 and 16.68 per cent, respectively. 
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These data support the thesis that analysis of a single bone is not likely 
to give a true estimate of the composition of the entire skeleton of an ani- 
mal. This matter and a discussion of bone analyses performed by other in- 
vestigators are treated more thoroughly by Mitchell et al. (1) and by Follis 
(5). 

Other measurements made on the tibia, ulna, and rib, respectively, are 
as follows: maximal length 38.5, 27.2, 24.1 cm.; minimal diameter 2.15, 
1.15, 0.40 cm.; density by water displacement (determined on the fresh, 
intact bone) 1.25, 1.30 (not determined on the rib). 

It is worthy of note that the calcium to phosphorus ratio of the entire 
body is identical with that obtained by Mitchell et al. and that Widdow- 
son’s data also support the finding of a ratio approximating 2:1. It would 
appear that this ratio is more representative of that found in healthy adult 
humans than is the ratio of 1.73:1 suggested by Shohl (6) as a result of 
estimating that the human body contains 1.66 per cent calcium and 0.96 
per cent phosphorus. The data reported herein and by Widdowson et al. 
(2) indicate that total calcium may amount to approximately 2.0 per cent 
of the body weight. 

The higher water content of the specimen analyzed by Mitchell e¢ al. 
persists when the data are presented on the fat-free basis (Table II). 
Analysis of individual tissues, expressed on the fat-free basis, shows that 
skin, striated muscle, adipose tissue, and solid remaining tissues contribute 
the major portion of the difference in moisture content. The skeleton and 
nervous system do not differ materially in water content between the two 
specimens. These data are shown in Table IV. 

Considerable interest has been evidenced in recent years in determina- 
tion of the total water and fat content of the living body by indirect meas- 
urements. The validity of such methods has been well established. Kray- 
bill e¢ al. (7) compared antipyrine, specific gravity, and direct analysis 
methods, employing cattle as experimental subjects; Messinger and Steele 
(8) obtained favorable comparisons between the antipyrine and specific 
gravity methods, employing humans as subjects of investigation; Rathbun 
and Pace (9) compared specific gravity and direct analytical methods with 
guinea pigs. Other investigators who have employed antipyrine (8, 10, 
11), specific gravity (8, 12), or deuterium oxide (13) methods on normal 
human males have found water content ranging from 43 to 73 per cent on 
a total body basis, and 66 to 79 per cent on the fat-free basis. 

A comparison of these data with those given in Table IT shows that the 
cadavers analyzed directly all have water content within the range of values 
reported by indirect procedures. This would seem to contradict the state- 
ment of Edelman et al. (13) that the specimen analyzed by Mitchell et al. 
was “grossly edematous.” 
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The concept of constancy of composition of lean body tissues, well ex- 
pressed by Murray (14), has been verified and the normal limits of varia- 
tion have been more firmly established in relation to water content in 
recent years. Further evidence is given by Pace and Rathbun (15), who 
reported from their own work and that of others that, for the rat, guinea 
pig, rabbit, cat, dog, and monkey, the mean water content of fat-free tissue 
was 73.2 per cent with a range of 69.9 to 76.3. Also, Kraybill et al. (16) 
found in cattle a mean value of 72.6 per cent water in lean body mass, 
with a range of 69.3 to 75.7. 


TaBLe IV 


Water Content of Selected Tissue Expressed on Fat-Free Basis, As Found in This 
Study and by Mitchell et Al. 





Tissue | This study | Mitchell et al. 











Ty ae nr ae percent =| operccemt 
Ree ean.) elses Se ern een 67.29 74.34 
SCLC IGT a eA ere Coy Seca 37.58 38.41 
BUPIACOEE UB OLOS 665.5 cones scan ks aes 75.04 | 82.28 
INGEVOUS SYBUCID...... nco-0c ones coowastes 85.67 | 83.98 
NOI OBEUIBBUGs soc fact Seon 6 cone eae 80.94 | 87 .02 
Remaining solid tissue................ 76.47 | 80.36 
SUMMARY 


The chemical composition of the body of a normal adult human, 46 
years of age, is reported. The whole body contained 19.44 per cent ether 
extract, 55.13 per cent moisture, 18.62 per cent protein (N X 6.25), 5.43 
per cent ash, 1.907 per cent calcium, and 0.925 per cent phosphorus. On 
the fat-free basis these data are, respectively, 69.38, 23.43, 6.83, 2.40, and 
1.16. Analyses are reported on thirteen separate tissues and organs and 
are summed to give the above data. Comparisons are made with similar 
data reported previously. 

Evidence is presented that the normal adult human body contains ap- 
proximately 1.8 to 2.5 per cent calcium on the fat-free basis and possesses 
a Ca to P ratio of 2:1. 

The water and fat contents of the adult human body as determined di- 
rectly are in good agreement with the data obtained by indirect methods. 
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THE RELATION OF VITAMIN By, TO THE METHYLATION OF 
HOMOCYSTINE IN POULTS 


By F. H. KRATZER 


(From the Department of Poultry Husbandry, College of Agriculture, University of 
California, Davis, California) 


(Received for publication, October 6, 1952) 


Schaefer et al. (1) and Gillis and Norris (2) have shown that chicks de- 
ficient in vitamin B;. have an increased requirement for methy! donors. 
Jukes et al. (3) suggested that vitamin By. was needed for the methylation 
of homocystine, since homocystine and betaine did not improve the growth 
of chicks unless vitamin B,2. was added to the ration or chicks were not as 
well depleted of vitamin By, (4). Gillis and Norris (5), on the other hand, 
suggested that vitamin By aided the methylation of homocystine by pro- 
moting the synthesis of methyl groups available for use in the synthesis of 
methionine from homocystine. 

In a study with turkey poults, vitamin By: increased the effectiveness 
of choline in promoting growth but decreased its effectiveness in preventing 
perosis (6). The relationship of vitamin Biz to choline metabolism has 
been studied further by using dimethylaminoethanol to block the need for 
choline for prevention of perosis and growth (7), and by adding homocystine 
to intensify the need for methyl groups. Under these conditions it has 
been possible to study the relationship of vitamin By: to the availability of 
methyl groups in poults. 


EXPERIMENTAL 


The basal ration! used was similar to that reported previously (6), except 
in Experiment 6 in which an isolated soy bean protein? was used as a protein 
supplement instead of methanol-extracted soy bean oil meal. Crude aureo- 
mycin was added at 300 mg. per kilo, except in Experiments 1 and 7. 
The basal ration contained between 176 and 263 y of choline per gm., as 
determined with Neurospora crassa by the method of Horowitz and Beadle 
(8). By calculation the ration contained 0.47 per cent methionine, 0.40 
per cent cystine, and 26.6 per cent crude protein (9). It was thus slightly 


1 We are grateful to Merck and Company, Inc., Rahway, New Jersey, for crystal- 
line vitamin Bi: and betaine hydrochloride, to the Lederle Laboratories Division, 
American Cyanamid Company, Pearl River, New York, for folic acid and crude 
crystalline aureomycin, and to The Dow Chemical Company, Midland, Michigan, 
for pL-methionine. ; 

* a-Protein from The Glidden Company, Chicago. 
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deficient in methionine since poults require 0.5 per cent for optimal growth 
in a ration containing 24 per cent protein (10). 

All of the poults used were hatched from turkey hens which had been 
fed a ration containing no animal protein or other source of vitamin Bi» to 
deplete them of their store of this vitamin (11). The poults were usually 
maintained on the basal ration for a few days (Table I) before being divided 
into groups and started on the experiment. The poults were housed in 
electrically heated batteries and were supplied feed and water ad libitum. 

Homocystine was synthesized according to the method of Butz and 
du Vigneaud (12) and contained less than 0.4 per cent methionine, as 
determined by the McCarthy-Sullivan method (13). Crystalline vitamin 
Bis and betaine hydrochloride were used. The choline chloride used was a 
mixture with calcium carbonate, and the mineral supplements of the rations 
were adjusted to provide a uniform level of calcium when this supplement 
was used. 


Results 


The ration was improved by the addition of methionine in one test 
(Table I), indicating that a slight deficiency of methionine existed. Vita- 
min B,. produced a small but consistent growth response when added to 
the ration supplemented with methionine, and mortality was reduced in 
every instance. 

When homocystine was added to the ration in most cases at levels molec- 
ularly equivalent to the methionine additions, poor growth and high 
mortality were noted. The addition of vitamin Biz improved growth and 
reduced mortality, while betaine improved growth with no reduction in 
the mortality. The combination of vitamin By. and betaine produced 
growth equivalent to betaine alone, and in every case the mortality was 
reduced. In Experiment 5, growth of poults supplied with vitamin B,, 
and homocystine was as good as that of poults supplied with choline and 
homocystine, and almost as good as with choline, homocystine, and vita- 
min Biz. In Experiment 8, homocystine and methionine gave equivalent 
growth in the presence of betaine, and no improvement was noted with the 
addition of vitamin Biz. Only an occasional case of perosis was noted 
since the basal ration contained dimethylaminoethanol. 


DISCUSSION 


In chicks, Jukes et al. (3) reported that betaine could not be used for the 
methylation of homocystine unless vitamin Bi. was present in the ration. 
However, Gillis and Norris (5) found that, by supplying betaine at a higher 
level, and without the presence of dimethylaminoethanol, betaine could be 
used in the methylation of homocystine. Jukes and Stokstad (4) later 
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found that chicks on a soy bean protein diet responded to homocystine plus 
betaine in the absence of vitamin Biz. They suspected, however, that their 
chicks were not depleted of vitamin B,: to the same extent as those used 
previously. 

In poults, the data indicate that betaine may serve as a methyl donor for 
the formation of methionine from homocystine in the absence of vitamin 
By. It is improbable that the betaine is functioning merely in the synthe- 
sis of choline, since the absence of perosis indicates that the level of the 
choline moiety was adequate. Methionine gave approximately the same 
response as homocystine plus betaine. 

Vitamin Biz alone may also promote the methylation of homocystine, 
as shown by the growth response. It seems unlikely that this is due to 
increasing the availability of existing methyl groups since simply increasing 
the supply of methyl groups (adding betaine) increased growth without 
vitamin By. The growth response to vitamin By: is much greater than is 
observed when vitamin Bi: is added in the presence of methionine, homo- 
cystine plus betaine, or choline. In previous work (6) poults showed a 
much greater response to vitamin By. at marginal levels of choline. It 
is thus presumed that homocystine is methylated as a result of the methyl 
synthesis permitted by vitamin B,2. The rat has been shown to synthesize 
methyl groups (14) and to require vitamin By for either its synthesis or 
transfer, as reviewed by Liener and Schultze (15). 

The high mortality which was observed in many of the groups was 
probably due to deficiency of vitamin Biz. Even when the process of 
synthesizing methyl groups was spared by the supplementation with be- 
taine, mortality was very high. This indicates that one or more additional 
functions of vitamin By. are also important in the poult. Even though 
mortality was high in poults deficient in vitamin By, growth was not 
reduced to the same extent as has been observed in chicks (4). 


SUMMARY 


Poults from turkey hens depleted of vitamin Biz gained slowly when fed 
a ration containing homocystine. Growth was improved by the addition 
of betaine or vitamin By. The results suggest that the poult can methyl- 
ate homocystine with methyl groups synthesized in its body in the pres- 
ence of vitamin By: or by methyl groups from a methyl donor such as 
betaine in the absence of vitamin By. High mortality was noted when 
betaine was supplied in the absence of vitamin By». 
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The existence of mutual interactions in solutions containing nucleic 
acids, proteins, and salts was clearly recognized by Miescher (1). Fol- 
lowing the development of methods for the isolation of desoxypentose 
nucleic acid as relatively undegraded macromolecules, numerous studies 
have been made of the interaction of DNA! and proteins, on the one hand, 
and DNA and simple salts, on the other. Examples of the latter include 
the effect of electrolytes on the viscosity (2-4), osmotic pressure (2), and 
double refraction of flow (3, 4) of solutions of DNA. Ions, particularly 
bivalent cations, have been implicated in the enzymatic depolymerization 
of DNA, and it has been suggested that the action of the ions may be on 
the DNA (5, 6) rather than on the enzyme. Measurement of membrane 
potentials (7, 8) and of the distribution of the individual ions (8) after es- 
tablishment of dialysis equilibrium across cellophane membranes indicates 
that considerable binding also occurs between the charged phosphate resi- 
dues and sodium ions. 

In the present paper two additional aspects of the interaction of DNA 
and simple ions are presented. It was briefly noted in a previous publica- 
tion (9) that addition of any of a variety of neutral salts to an aqueous 
solution of DNA caused a lowering of the optical density in the region of 
the maximum of absorption. This phenomenon has been further investi- 
gated because of the possibility that it might be connected with the bind- 
ing of ions by DNA and would thus furnish information concerning the 
nature of the binding sites and the magnitude of the binding constants. 
The other approach involves an estimation of the binding of ions from 
measurement of the changes of conductivity that occur when various salts 
are added to solutions of DNA. The work has been carried out with both 
undegraded and alkali-treated DNA. The results show that bivalent ca- 
tions are effective with respect to these interactions at far lower concen- 
trations than are anions or univalent cations. 


1 DNA is used here as an abbreviation for desoxypentose nucleic acid. 
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EXPERIMENTAL 


Materials—The preparation of the highly polymerized sample of calf 
thymus DNA used in these experiments has been described elsewhere (9). 
Except where specifically mentioned, all solutions of DNA in water were 
made by dilution of freshly prepared stock solutions. The alkali-treated 
DNA was made by bringing a solution of DNA to pH 12.2 to 12.4, reneu- 
tralizing, dialyzing free of salt, and diluting to the required concentration. 

Spectrophotometric Method—The effect of the addition of salts on the 
ultraviolet absorption of DNA was determined as follows: 3 ml. of the 
aqueous solution of DNA were introduced into a 1 cm. cuvette and the 
optical density determined with a Beckman spectrophotometer; a salt 
solution of appropriate strength was then added to the cuvette from a 
micro pipette and the optical density again determined. A fresh sample 
of the aqueous solution of DNA was used for each point. In every case 
the change was instantaneous as far as could be determined, and the new 
value of the optical density was stable. In the experiments at higher con- 
centrations of DNA appropriate inserts were used in the cuvettes, and the 
mixing of DNA and salt solutions was carried out in test-tubes. The op- 
tical density was corrected in every case for change of volume, which never 
exceeded 4 per cent. In the experiments at high salt concentration a 
different procedure was used to avoid large dilution factors; aliquots of an 
aqueous solution of DNA were diluted to a given volume with appropriate 
amounts of water and concentrated salt solutions, and the optical densities 
of these dilutions were measured. 

Some experiments were also carried out with a continuous titration 
method in which successive increments of salt were added from a micro 
burette to the same solution of DNA. Results with this procedure were 
in substantial agreement with those obtained with the discontinuous 
method, but the degree of reproducibility was in general lower. Conse- 
quently, all of the data given in this paper were determined by the discon- 
tinuous procedure. 

Conductometric Method—25 ml. of either water or a solution of DNA 
were placed in a test-tube in which a dipping type of conductivity cell was 
immersed. Successive increments of salt solution were added from a 
micro burette, and the specific conductance was determined initially and 
after each increment of salt. The temperature of the solution was main- 
tained at 25.3° by means of a water bath. 


Results 


Spectrophotometric Studies—The dependence of the optical density, at 
260 mu, of a solution of the DNA in water on the total concentration of 
added salt is shown in Fig. 1 for a number of salts. It is seen that the 
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extent of the lowering at first increases with the amount of added salt, but 
at higher concentrations no further change of absorption occurs. Al- 
though not shown, the data for KCl were very close to those given for 
NaCl and the data for MgSO, and SrCl, were practically the same as for 
MgCl. The ultraviolet absorption spectra obtained in the presence of 
enough salt to cause the maximal change were fairly similar for all of the 
salts. Data for NaCl and MgCl, are presented in Fig. 2; the absorption 
is expressed as «(P), the atomic extinction coefficient with respect to phos- 
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Fig. 1. Effect of the addition of various salts on the optical density at 260 my of 
a solution of nucleic acid in water. The ordinate is given as the ratio of D, the op- 
tical density in the presence of a given concentration of salt, to Do, the optical 
density in the absence of salt. X, MgCl; A, BaCl.; A, CaCl; @, NaCl; O, Na:SO,; 
@, sodium citrate. Nucleic acid phosphorus = 9.1 X 10-5 mole per liter. 


phorus as defined by Chargaff and Zamenhof (10). That these effects of 
salts are in no way related to light scattering or changes of light scattering 
is indicated by measurements at 320 mu, at which wave-length the ¢(P) 
value of about 30 for the salt-free solution of nucleate was not measurably . 
changed by addition of salts. The salt effect is also seen to be very small 
at the lower wave-lengths around the minimum of absorption. 

It is evident that the data of Fig. 1 fall into two distinct groups and that 
the salts of bivalent cations are effective in lowering the absorption at far 
lower concentrations than are those of univalent cations. The effect 
seems to be only slightly dependent on the valence of the anion. With all 
of the salts the change appears to occur in two steps, which overlap some- 
what in the case of the salts of bivalent cations. 
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The pH of the original solution of nucleate in water was in every case 
6.8 to 6.9. Such solutions, however, possess very little buffering power in 
the region of neutrality and the pH changed somewhat on addition of cer- 
tain of the salts; for example, approaching pH 8.0 with sodium citrate and 
6.2 with MgCl. The possible influence of such changes of pH was there- 
fore investigated. In one series of experiments sufficient MgCl, or NaCl 
was added to give a partial or complete lowering of the optical density; 
the pH of these solutions was then varied by cautious addition of NaOH 
or acetic acid. The optical density at 260 my of such solutions was found 
to be practically constant between pH 6 and 8.5. Furthermore, results 
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Fia. 2. Effect of salts on the ultraviolet spectrum of native nucleic acid. Curve 
1, spectrum in water; Curve 2, spectra in the presence of sufficient salt to bring 
about maximal change; O, in m NaCl; X, in 0.002 m MgCh. 


obtained on addition of a sodium citrate buffer at pH 7.0 were identical 
with those shown for sodium citrate, and results with sodium phosphate 
buffers at pH 6.0 and 7.0 were the same and very close to those shown for 
NaSO,. From these results it is concluded that neither the extent of the 
lowering of absorption nor the placement of the curves on the log concen- 
tration axis is significantly influenced by such pH changes as occur on the 
addition of the various salts. 

The minimal value of D/D» obtained with a given salt was closely re- 
producible for the same solution of DNA, but some variation, from about 
0.81 to 0.86, was found with different solutions made from the same prep- 
aration of DNA. The D/Dp values obtained with a number of other 
preparations of DNA were in the same range. We cannot at present offer 
any explanation for this scatter, but it is of interest in this connection that 
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others (11) have reported that the e(P) values of different solutions of 
DNA made from the same preparation showed considerable scatter. How- 
ever, in a large number of experiments with different solutions made from 
the preparation used here as well as from other preparations of DNA the 
placement of the curves relating D/D, to concentration of added salt was 
found to be practically the same as in Fig. 1. 

It is seen from Fig. 1 that the quantity of any of the bivalent cations 
needed to bring about the transformation is of the same order ‘of magni- 
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Fic. 3. Relationship between the concentration of native nucleate and the effect 
of added MgCl, on its optical density at 260 mu. 


tude as the quantity of DNA phosphorus; this suggests that the optical 
change is associated with a tight binding between the DNA and the bi- 
valent cations. The same type of experiment was, therefore, run with 
MgCl, and different concentrations of DNA; the results, plotted as per 
cent of the total optical change versus equivalents of added Mgt* per 
atom of DNA phosphorus, are given in Fig. 3 for a 5-fold range of DNA 
concentration. It is evident that the extent of change is determined 
primarily by the ratio of Mgtt to DNA and not by the salt concentration 
itself. This finding strongly indicates that this phenomenon is associated 
with practically complete binding of the added Mgt* by the nucleate. 
Fig. 4 shows the spectra of alkali-treated DNA in the absence of salt 
and in the presence of m NaCl and of 0.002 m MgCl; the absorption curves 
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in 0.03 m NaOH and in 0.03 m NaOH-m NaCl are also given. At neutral- 
ity a salt effect analogous to that with native DNA occurs; the maximal 
changes brought about by NaCl and MgCl, are again nearly the same. 
The range of minimal values of D/D, for different preparations of alkali- 
treated material was 0.83 to 0.86. On the alkaline side it is seen that the 
spectral absorption is essentially independent of the concentration of Nat, 
at least from 0.03 to 1 M. 
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Fic. 4. Effect of salts on ultraviolet absorption spectrum of alkali-treated nu 
cleic acid. Curve 2, spectrum in water at pH 7; Curve 3, spectra at pH 7 in the pres- 
ence of sufficient salt to cause maximal effect; O, in m NaCl; X, in 0.002 m MgCl; 
Curve 1, spectra of the alkali-treated nucleate beyond pH 12; A, in 0.03 Nn NaOH; 
@, in 0.03 n NaOH-m NaCl. 





Fig. 5 shows the course of the transformation, at 260 mu, on addition of 
a number of salts to the alkali-treated DNA at neutrality. The salts con- 
taining bivalent cations are again seen to be effective at far lower concen- 
trations than the others. Fig. 6 shows the course of the transformation 
for a 10-fold range of DNA concentration; as with the native DNA, it is 
seen that the extent of change is related to the ratio of added Mg*+ 
to DNA. 

With both the native and alkali-treated DNA it was found that, if 
the concentration of any one of the salts is sufficiently high to bring about 
the maximal change, addition of any one of the other salts has no further 
effect on the optical density. However, at lower concentrations of salt 
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Fig. 5. Effect of the addition of various salts on the optical density at 260 my of 


a solution of alkali-treated nucleic acid in water; pH close to neutrality. D/Do 


represents the ratio of the optical density in the presence of a given concentration 


of salt to that of the original aqueous solution. 
NaCl; O, NasSQxu; @, sodium citrate. 


per liter. 


Fic. 6. Relationship between the concentration of alkali-treated nucleate and 
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the effects were found to be cumulative, but in no case was the value of 
D/Dy reduced below the plateaus shown in Figs. 1 and 5. 

An estimate may be made of the binding capacity of DNA for Mgt+ 
from the curves of Figs. 3 and 6 if it is assumed (1) that the extent of spec- 
tral change is directly proportional to the quantity of Mg+* bound by the 
nucleate, and (2) that the added Mg** is completely bound. On this 
basis the maximal binding capacities, taken as the values of the abscissa 
at the intercept of the dotted lines in Figs. 3 and 6, are approximately 0.80 
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Fic. 7. Conductance increment data for native nucleic acid and sodium salts. 
Curve 1, NasSO, to water; Curve 2, NaCl to water; @, NaCl to nucleic acid; A, 
Na.SO, to nucleic acid; Curve 3, increment with water minus increment with nucle- 
ate, for NaCl; Curve 4, increment with water minus increment with nucleate, for 
NaSO,. Nucleic acid phosphorus = 4.4 X 10~4 mole per liter. 


and 1.0 equivalents of Mg*t* per DNA P for the native and alkali-treated 
DNA respectively. 

Conductometric Studies—The spectral data presented above were inter- 
preted to indicate that bivalent cations are bound far more tightly by the 
nucleate than are the anions or univalent cations. A test of this was 
made by comparing the increase of conductivity that occurs when the 
various salts are added to water and to aqueous solutions of the DNA. 
Typical experiments are presented in Figs. 7 to 9. There are given in 
each case the conductivity increments with water, with the solution of 
DNA, and also the difference between them. The addition of NaCl and 
NaSQ, to the native DNA (Fig. 7) yield conductance increment curves 
close to straight lines and only slightly below the water curve; with alka- 
li-treated DNA the curves for water and the nucleate were found to be 
practically identical. 
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The results are quite different for salts containing bivalent cations; 
typical data with the native and alkali-treated DNA are given in Figs. 8 
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Fic. 8. Conductance increment curves for native nucleic acid and MgCl.. Curve 
1, MgCl. to water; Curve 2, MgCl: to solution of nucleic acid (a and }, initial and 
final slopes, respectively); Curve 3, difference between Curve 1 and Curve 2. Nu- 
cleic acid phosphorus = 8.16 X 10-4 mole per liter. 
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Fig. 9. Conductance increment curves for alkali-treated nucleic acid and MgCls. 
Curve 1, MgCl, to water; Curve 2, MgCl: to alkali-treated nucleate (a and b, initial 
and final slopes,. respectively); Curve 3, difference between Curves 1 and 2. Nu- 
cleic acid phosphorus = 6.7 X 10-4 mole per liter. 


and 9 respectively. The curves for the nucleate in each case exhibit a 
discontinuity and can be represented as two intersecting straight lines 
which have been designated a and b. Line a has a slope in each case con- 
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siderably lower than that of the water curve; the slope of line b is in each 
case close to that of the water curve. The conductance increment curves 
for the bivalent cations have been analyzed in terms of the following quan- 


TABLE I 
Conductance Increment Data for Nucleic Acid and Bivalent Cations 











| 
| | ’ Intercept, | | 
Concentration| equivalents aioe of line a,/Slope of line 6, 
Series No.* Sample No Salt of DNA P, ivalent mhos per cm. | mhos per cm. 


mole per cation per {per equivalent |per equivalent 
| liter X 104 atom DNA of ion per liter|of ion per liter 
r 


Native desoxypentose nucleate 


MgCl, 10.0 0.85 0.088 0.126 


1 1 
2 BaCl, 10.0 0.84 | 0.096 0.138 
3 | CaCl | 10.0 | 0.84 0.095 0.133 

2 1 MgCl. 2.04 0.78 0.076 0.126 
2 . 4.08 0.80 0.092 0.125 
3 a 8.16 0.83 0.090 0.121 
4t a 4.08 0.78 | 0.061 0.125 
5t - 4.08 0.79 | 0.081 0.127 

Alkali-treated desoxypentose nucleate 

3§ 1 MgCl. 3.53 0.44 0.081 0.123 
2 BaCl, 3.53 0.49 0.062 0.143 
3 CaCl, 3.53 0.49 | 0.055 0.133 

4|| 1 MgCl, 1.68 0.31 0.055 0.129 
2 | a | 3.36 0.33 | 0.073 0.136 
3 | $ 6.74 0.32 0.075 0.137 
4 BaCl, 3.36 0.31 0.062 0.145 
5 CaCl, 3.36 0.33 | 0.077 0.139 


* A different stock solution of nucleic acid was used for each series. The indi- 
vidual samples within each series were prepared by dilution of the stock solution. 

+ This solution was heated at 80° for 1 hour prior to the run. 

t{ Prepared by dilution of the stock solution of Series 2 after it had stood at 4° 
for 18 hours (see the text). 

§ Exposed to pH 12.2 for 10 minutes. 

|| Exposed to pH 12.4 for 30 minutes. 


tities: (1) the value of the abscissa at the intercept of lines a and b in equiv- 
alents of bivalent cation per atom of DNA phosphorus; (2) the slope of 
line a; and (3) the slope.of line b. A summary of the experiments shown 
in Figs. 8 and 9 as well as of similar ones with BaCle and CaCl, and with 
MgCl, at different concentrations of DNA is given in Table I. The re- 
sults with MgSO, were substantially the same as with MgCl. 
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With the native DNA the value of the intercept was found to be quite 
reproducible for different solutions of the DNA, and was practically the 
same for Mgt*, Bat+, and Ca**. The total quantity of added Mg++ at 
the intercept is seen to be almost directly proportional to the concentra- 
tion of DNA and averages about 0.82 equivalent of the ion per atom of 
DNA phosphorus. This is again indicative of a tight binding between these 
bivalent cations and the nucleate. Results with the alkali-treated ma- 
terial are analogous; data are given for two different preparations of alka- 
li-treated material. For each preparation the value of the intercept is 
again nearly the same for the three ions, and the total quantity of added 
magnesium at the intercept is proportional to the concentration of the 
nucleate. With both preparations of alkali-treated DNA the value of 
the intercept is, however, considerably lower than with the native DNA. 
It may be that the variation between the two preparations is due to differ- 
ent degrees of degradation by the alkali; evidences that exposure to alkali 
may bring about varying degrees of degradation have also been presented 
by others (12-14). 

The simplest explanation for the low initial slope which is obtained on 
addition of salts containing bivalent cations to the nucleate would be that 
the bivalent cations are tightly bound and that the conductance increment 
is due entirely to the addition of chloride ions. In this case the initial 
slope would be 0.076. If no further binding occurred beyond the inter- 
cepts of lines a and b, the slope of line b should have the same value as the 
water curve; a close approximation to this is observed. The slopes of the 
water curves are 0.127, 0.135, and 0.141 for MgCl, CaCh, and BaCl, re- 
spectively. Although there is some scatter of the values of the initial 
slope, they are all much closer to 0.076 than to the slopes of the water 
curves. Deviations of the value of the initial slope from the theoretical 
value of 0.076 might be due to any or all of the following factors: (1) Part 
of the added bivalent cation remains unbound; this would raise the slope. 
(2) There is some initial binding of the sodium of the sodium tetranucleate 
and part of the added bivalent cation simply replaces sodium; this would 
also increase the slope. (3) The contribution of the nucleate ion to the 
conductance might change as a result of ion binding or of changes of its 
physical state. The close agreement of the intercepts at different concen- 
trations of DNA indicates that factor (1) is very small. This is shown by 
the analysis of such equilibria as 


Mgtt + (DNA) — Mgt+ ... (DNA) (1) 
and 
Mgtt + 2(DNA) — (DNA) ... Mgtt ... (DNA) (2) 


Thus if even 1 per cent of the added Mgt+ were unbound when the con- 
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centration of DNA P is 8.16 X 10-4, the value of the intercept at a con- 
centration of 2.04 X 10-* m would be 8 per cent and 16 per cent higher 
than at 8.16 X 10-‘ m for Equations 1 and 2 respectively. Table I shows 
that no such change occurs on dilution of the DNA. Factors (2) and (3) 
are difficult to assess. The nucleate ion must make a substantial contri- 
bution to the original conductance since its mobility at 1° in 0.005 m NaCl 
is 32 X 10-* cm.? volt sec.—! (15), compared to a value of 45.6 * 10-5 
cem.? volt~! sec.—! at 18° for Nat (16). 

There are some indications that changes in the physical state of the 
DNA influence its contribution to the conductivity. For example, the 
slope of line a for the heated sample (Sample 4, Series 2, Table I) is con- 
siderably lower than for the unheated sample (Sample 2, Series 2), even 
though the initial conductivities and the intercepts were practically the 
same. In another case a 2:25 dilution (Sample 2, Series 2) of a freshly 
made 0.2 per cent stock solution of DNA had a conductance of 3.44 x 
10-> mhos per cm., and this value was stable for hours; after storing 
this stock solution at 4° for 18 hours, a 2:25 dilution of it (Sample 5, Series 
2) had a conductance of 2.68 X 10-> mhos per cm., and on standing at 
25.3° this slowly increased over a period of 2} hours to a constant value 
of 3.72 X 10-> mhos per cm. The conductance increment curve was 
then determined; as shown in Table I the intercept was practically identi- 
cal with, but the initial slope was somewhat lower than, the values found 
with the dilution that was made from the fresh stock solution before 
cooling. 

It is of interest to compare the values of the intercepts of lines a and b 
(in equivalents of Mg** per DNA P) with the values of binding capacity 
of DNA for Mgt* which were estimated from the spectral data. The 
values, 0.82 and 0.80, are in close agreement in the case of the native 
DNA. With alkali-treated DNA, however, the values of 1.0 from the 
spectral data and 0.44 or 0.32 from the intercept are not in agreement; the 
reason for this difference is not clear at present. With respect to such 
comparisons it must be recognized that neither the optical nor the con- 
ductance data necessarily provide a measure of the total binding capacity 
of DNA for Mgt", but only reflect such binding as is associated with the 
lowering of absorption or the deviation of the conductance increment from 
the values obtained in water. 


DISCUSSION 


It is evident from Figs. 1 to 6 (see also Shack and Thompsett (9)) that 
the optical density of a solution of DNA is related to the pH, the concen- 
tration and type of salt present, and the previous treatment of the DNA. 
Accompanying degradation by alkali, acid, or heat there is a rise of optical 
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density; the magnitude of this rise is dependent on the particular concen- 
tration of salt, but it occurs at all concentrations. The bearing of these 
facts on the use of optical density measurements for quantitative deter- 
mination of DNA is obvious. The spectral data presented above also have 
certain implications with respect to the spectrophotometric titration 
method; these will be discussed in detail in another paper. 

The question arises as to whether the properties described in this paper 
are also shown by other nucleic acids. Similar experiments have been run 
with two different preparations of a highly polymerized desoxypentose 
nucleic acid isolated from a transplantable mouse lymphoma.’ Results 
were, except for some differences in the constants, completely analogous 
to those with calf thymus DNA. In addition both NaCl and MgCl. were 
found to lower the optical density at 260 my of a solution of sodium ribo- 
nucleate (Nutritional Biochemicals Corporation) by about 8 to 10 per 
cent. However, neither MgCl. nor NaCl was found to affect the optical 
density of solutions of the sodium salts of adenylic acid, guanylic acid, 
cytidylic acid, or uridylic acid. 

The spectral data also afford additional criteria for differentiation of 
native and degraded DNA. With both sodium salts and salts of bivalent 
cations the curves relating the optical density to the concentration of salt 
(Figs. 1 and 5) were stepwise in character in the case of the native but not 
of the alkali-treated DNA. Furthermore, considerably more of the so- 
dium salts are required to depress the absorption of the alkali-treated than 
of the undegraded DNA. These results have been repeatedly observed 
with a number of preparations of calf thymus DNA as well as with the 
DNA prepared from a transplantable mouse lymphoma.” 

It is generally assumed that the binding of ions by nucleic acids is pre- 
dominantly a function of the charged phosphoryl residues (17); comparison 
of estimates of binding obtained from potential measurements and analyti- 
cal data are in harmony with this concept (8). There are, however, cer- 
tain difficulties in correlating the optical changes brought about by salts 
with this type of binding. Although the phosphoryl! residues, except for a 
small number of secondary phosphoryl groups, presumably bear the same 
charge at pH 12.2 as at neutrality, the spectral absorption at pH 12.2 is 
independent of the concentration of Nat from 0.03 to 1 M, a range in 
which a considerable change occurs at neutrality with both undegraded 
und degraded DNA. It is possible that any effect of ions on the optical 
density is complete below 0.03 Mm Nat at the high pH, but it has not been 
possible to test this. The enolic groups titrate between neutrality and 
pH 12.2, and it may be that the optical change is associated with binding 
of ions by certain of the undissociated enolic groups; there is, however, 


2 Unpublished results. 
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no evidence of this as yet. An alternative possibility is found in the sug- 
gestion of von Euler and Foné (18) and Cavalieri and Angelos (13) that 
there exist in DNA labile linkages between phosphoryl residues and enolic 
hydroxyl groups which are broken by alkali. The effect of ions on the 
absorption might possibly be exerted through their influence on such link- 
ages. In view of the finding of a similar effect with alkali-treated nucleate 
this hypothesis involves the assumption that such linkages are at least 
partially reformed on reneutralization of the alkali-treated DNA. This 
possibility is being tested by electrometric titration. 


SUMMARY 


The interaction of calf thymus desoxypentose nucleate and a number of 
ions was investigated by analysis of the changes of optical density and of 
electrical conductivity that occur on addition of various salts to solutions 
of the nucleate. 

The salts used in the spectral studies included NaCl, KCl, Na.SO,, 
sodium citrate, MgCl, BaCh, CaCl, SrCl,, MgSO,, and phosphate buffers. 
The addition of any of the salts causes a maximal lowering of about 15 to 
18 per cent in the value of the optical density at 260 mu. The curves re- 
lating the extent of the lowering of absorption to the quantity of added 
salt are nearly the same for the salts of univalent cations, on the one hand, 
and those of bivalent cations, on the other. Far less of the salts of the 
bivalent cations is required, however, to produce the same degree of change. 
With bivalent cations the extent of lowering is determined by the ratio of 
added cation to nucleate, and the lowering is essentially complete when 
approximately 0.8 equivalent of cation per atom of DNA phosphorus has 
been added. These results were interpreted to indicate a tight binding of 
bivalent cations by the nucleate. 

A comparison was made of the increases of conductivity that occur when 
successive increments of various salts are added to water or to solutions 
of the nucleate. Such studies were carried out with NaCl, NasSO,, MgCl, 
MgSO,., CaCh, and BaCl. The results were interpreted to indicate a tight 
binding of approximately 0.82 equivalent of bivalent cation per atom of 
DNA phosphorus. 

Similar experiments with alkali-treated nucleate are also presented. 
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SKIN STEROLS 


III. STEROL STRUCTURE AND THE LIEBERMANN-BURCHARD 
REACTION* 


By D. R. IDLER anv C. A. BAUMANN 


(From the Department of Biochemistry, College of Agriculfure, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, January 9, 1953) 


The characteristic response of A’-cholestenol to the modified Schoen- 
heimer-Sperry-Liebermann-Burchard reagent (1) has permitted its detec- 
tion in rat skin and its measurement during isolation (2); on contact with 
the reagent A’-cholestenol forms an immediate intense blue color whereas 
cholesterol reacts only slowly. The presence of fast acting sterols in nat- 
ural materials such as skin may be a source of error in the determination of 
cholesterol by conventional uncorrected procedures, and a comparable error 
is inherent in the colorimetric determination of plant sterols. In the pres- 
ent study the reactivity of nineteen sterols has been determined, and 
relatively simple methods are proposed for differentiating among some of 
them. 

The first sterols studied were the monounsaturated A5-, A®-, A7-, A8-, 
A8)_ and A™@5-cholestenols. The second group illustrates the impor- 
tance of the 7 position in rapid color development: 7(8)-chloro- and 
7(8)-bromocholesterol, 7(a)- and 7(8)-hydroxycholestanol, and 7-ketocho- 
lesterol. The third group consisted of the natural plant sterols ergosterol, 
a-spinasterol, and 8-sitosterol; these revealed the effect of side chain on 
color formation. 


EXPERIMENTAL 


7-Dehydrocholesteryl benzoate was obtained from Dr. H. R. Rosenberg 
of E. I. du Pont de Nemours and Company, Inc. The sterol was repeatedly 
recrystallized from ethyl acetate; the acetate melted at 129° (corrected). 

A’-Cholestenol was prepared by dissolving 5 gm. of 7-dehydrocholestery] 
acetate in 200 ml. of acid-free ethyl acetate and shaking for 3 hours with 
hydrogen and 0.3 gm. of Adams’ catalyst, 259 ml. (0.99 mole) of hydrogen 
being taken up. Crystallization from ethanol-ethyl acetate gave 4.5 gm. 
of A7-cholesteny! acetate, m.p. 118°, in agreement with Wieland and Ben- 
end (3) and contrary to the findings of Schenk et al. (4). This product 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Presented in part before the American Chemical Society, Mil- 
waukee, Wisconsin, April 3, 1952. Supported in part by a grant from the Abbott 
Laboratories. 
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contained 0.4 per cent of 7-dehydrocholesterol as measured by ultraviolet 
spectrum, but after two further 1 hour reductions with fresh catalyst there 
was no absorption in the ultraviolet, and no further change in melting 
point. The azoyl ester was chromatographically homogeneous. Hydroly- 
sis yielded A’-cholestenol, m.p. 122° (sintered 119°); benzoate, 158°. 

Ergosterol (Eastman White Label) was purified by adsorption of the 
azoyl ester on silicic acid. Three main bands developed with Skellysolve 
C-benzene (3:1). The lower and largest band was recovered from the 
adsorbent with benzene-ether. The ergosterol was kept as the ester until 
just prior to use. Hydrolysis with 4 per cent KOH gave ergosterol, m.p. 
160° (2). The commercial product was also purified according to the 
procedure of Bills and Honeywell (5), with emphasis on purity rather 
than on yield. This product, m.p. 163°, [a]? = —137° (10 mg. per ml. in 
CHCl;), gave molar LZ (Evelyn colorimeter) values identical with those 
for the chromatographed ergosterol. 

Samples of A®-cholestenol, m.p. 128-130°, and 7(8)-hydroxycholestany] 
acetate, m.p. 75-77°, were supplied by Dr. O. Wintersteiner of E. R. 
Squibb and Sons. a@-Spinasterol, m.p. 164°, was supplied by Dr. M. E. 
Wall of the United States Department of Agriculture; A*-cholesteny] 
benzoate, m.p. 140—-142°, was supplied by Dr. L. F. Fieser of Harvard 
University. 

A8()-Cholestenol, m.p. 119°, was obtained from 7-dehydrocholestery! 
acetate by catalytic reduction (3). A'@-Cholestenol, m.p. 130°, was pre- 
pared by acid migration (4) and cholesterol, m.p. 149°, was purified via the 
dibromide (6). 7(8)-Bromocholesteryl benzoate, m.p. 141°, and 7(8)-chlo- 
rocholesteryl benzoate, m.p. 154°, were prepared from cholesteryl benzoate 
and 7(8)-hydroxycholesteryl benzoate, respectively, by treatment with n- 
bromosuccinimide and thionyl chloride. The products were kept cold and 
under Ne» (7). 7(8)-Hydroxycholesteryl benzoate, m.p. 168.5°, was pre- 
pared by chromatography of 7(8)-bromocholesteryl benzoate, and the 7(a) 
derivative, m.p. 190.5°, from 7(8)-bromocholesteryl benzoate with silver 
hydroxide (8). 7(a)-Hydroxycholestanyl acetate, m.p. 117°, was prepared 
by catalytic reduction of 7-ketocholesteryl acetate (9). 7-Ketocholestery] 
acetate, m.p. 158°, was obtained by chromic acid oxidation of cholesteryl! 
acetate (10), and 3-chlorocholesterol, m.p. 96°, was prepared from choles- 
terol with thionyl chloride (11). Sitosterol (Hoffmann-La Roche) was 
recrystallized several times from absolute methanol, m.p. 134—-135°. 

Most of the sterols were dried in an Abderhalden drier over methanol 
for 2 hours at 10-? mm. pressure. The two labile compounds, 7(8)-bromo- 
cholesteryl benzoate and 7(8)-chlorocholesteryl benzoate, were dried at 
room temperature in a rapid stream of dry nitrogen. The sterols or esters 
were then weighed on a micro balance and dissolved in glacial acetic acid. 
A 2 ml. aliquot containing from 0.05 to 1 mg. of sterol was taken for analy- 
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sis. To this were added 4.2 ml. of a freshly prepared 20:1 mixture of acetic 
anhydride-sulfuric acid, and the color was read at intervals with the 620 
mu filter of the Evelyn colorimeter (1, 2). 
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800 1600 2400 
SECONDS 

Fic. 1. Rates of reaction of the various cholestenols with the modified Lieber- 

mann-Burchard reagent. L = 2 — log G, where G = the per cent transmission with 

the 620 my filter of the Evelyn colorimeter and the reaction mixture is in the con- 

ventional (1.9 em.) Evelyn tube. Readings were made every 20 seconds for the 

first 6 minutes and every 60 seconds thereafter. Temperature 24.5°. The numbers 

on the vertical axis are fractions of 2536, the L value of the most active sterol on the 
graph. 


Results 


Cholestenols—The most chromogenic of the monounsaturated sterols was 
A’-cholestenol with millimolar L values of 2010 at 90 seconds and 973 at 
38 minutes as compared to 2540 and 1240 for 7-dehydrocholesterol (Fig. 
1). Color formation due to A’-cholestenyl benzoate was similar to that 
due to the free sterol. 

The A’®-, AMG5_— and A’“*-cholestenols were intermediate in their re- 
activities to the reagent (Fig. 1): the color due to the A*-stenol' reached 


1 This sterol was run as the benzoate; the other determinations in this series were 
made on the free sterols. 
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& maximal intensity of 787 in 340 seconds, and the values at 1} and 38 
minutes were 646 and 461, respectively. The colors due to A™®®- and 
A®)_stenols reached maximal intensities of 607 and 580, respectively, at 
15 minutes, the values at 90 seconds being 388 and 182 and 530 and 484 
at 38 minutes, respectively. The color due to A5-cholestenol (cholesterol) 
was almost as intense as that due to the latter three sterols, but it devel- 





2536 T T tas 7 T T 
7(@)- BROMO-CHOLESTEROL 








OR 7(8)-DIOL 
7(@)-CHLORO- CHOLE- 
STEROL 


1 


2029); 


15221] 
A’-CHOLESTENOL 


1014 ome ire, STANEDIOL 


COLOR L/MILLIMOLE 


7608 


e 
° =“ e 
° 
° 

e 4 


7-KETO-CHOLESTEROU 


507-2| . 
2536+ 3(),7(@)- CHOLES TANEDIOL ‘ 

















800 1600 2400 
SECONDS 


Fig. 2. Effect of position 7 on the reactivity of cholesterol derivatives with the 
modified Liebermann-Burchard reagent. Readings were made every 20 seconds for 
the first 6 minutes and every 60 seconds thereafter. A 620 my Evelyn filter was used. 
Temperature 24.5°. 


oped much more slowly, having a maximum of 515 at 38 minutes and no 
color at 90 seconds. 

A®-Cholestenol was the least chromogenic stenol in the series, possibly 
because its double bond does not terminate at a tertiary carbon atom. 
The color reached the low near maximal intensity of 91 at 90 seconds and 
then slowly increased to a maximum of 122 at 38 minutes (Fig. 1). It is 
of interest that this sterol, when first synthesized, was considered to be the 
7-isomer instead of the 6-isomer (12). In the present test, however, these 
isomers are totally dissimilar. The replacement of the hydroxyl group in 
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cholesterol with chlorine resulted in a more slowly developing chromophore, 
with a subsequent decrease in the 38 minute value to 218 compared to 515 
for cholesterol. 

Substitution al Position 7 Several of the substituted monounsaturated 
sterols reacted very rapidly with the reagent, forming colors almost as 
intense as that due to 7-dehydrocholesterol. These sterols included the 
7(8)-bromo derivative of cholesterol, the 7(8)-chloro derivative, and both 


the 7(@)- and 7(8)-hydroxycholesterols. The millimolar 1 values of these 
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SECONDS 
Fig. 3. The reactivity of certain plant sterols with the modified Liebermann- 
Burchard reagent. Readings were made every 20 seconds for the first 6 minutes and 
every 60 seconds thereafter. Temperature 24.5°. The numbers 660 and 620 refer 
to the wave-length of the Evelyn filter used. 


chromophores ranged from 2330 to 2450 (Fig. 2), as compared to 2540 for 
7-dehydrocholesterol. However, the time of maximal color formation for 
this group of compounds was 220 seconds, compared with 90 seconds for 
7-dehydrocholesterol or A’-cholestenol. In all probability, therefore, these 
7-substituted sterols were fast acting because of the ease with which they 
lose water or hydrohalogen to form a 7(8) double bond under the condi- 
tions of the test. 7-Ketocholesterol, on the other hand, was practically 
inactive (Fig. 2), and the small amounts of color formed were attributed 
either to a slight impurity or to a slow attack at a less active position. 
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7(8)-Hydroxycholestanol (3(8) ,7(8)-cholestanediol) formed only a very 
weak color with the modified Schoenheimer-Sperry reagent (Fig. 2), while 
that due to the a isomer, 3(8) ,7(a)-cholestanediol, was much more intense, 
reaching a maximum in 9 minutes. This difference in reactivity parallels 
the difference in the known abilities of the two cholestanediols to dehy- 
drohalogenate in pyridine and POC}; (9), and hence an intermediate forma- 
tion of A’-cholestenol is postulated for the chromogenicity of the more 
active a isomer, which, however, was considerably less chromogenic than 
A’-cholestenol itself (Figs. 1 and 2). Part of this latter difference might 
be explained by the greater time for maximal color development with 
7(a)-hydroxycholestanol, since some color would be both fading and de- 
veloping prior to the time of maximal intensity. Another possibility could 
be a dehydration of some of the 7(a)-hydroxycholestanol to A®-cholestenol, 
which would contribute very little to the color formed. 

Plant Sterols—Each of the three plant sterols studied was somewhat less 
chromogenic than the corresponding animal sterol. Thus, for readings 
taken with the 620 mu filter, the maximal millimolar L value for ergosterol 
was 1770 (Fig. 3), compared with 2540 for 7-dehydrocholesterol (Fig. 1); 
that for a-spinasterol was 1870, compared with 2010 for A’-cholestenol; 
the maximal values for sitosterol and cholesterol were 363 and 515, respec- 
tively. The differences in side chain did not affect the rate of color forma- 
tion, but apparently affected the shade of the color formed by the A’- 
sterols; the chromophore of ergosterol absorbed maximally with the 660 
my rather than the 620 my filter (Fig. 3). 


DISCUSSION 


The characteristic reaction rates of the different sterols can be used in a 
number of ways. They may aid in a survey of natural products for fast 
acting sterols such as A? compounds convertible into 11-ketosteroids. They 
should reveal whether the unmodified Schoenheimer-Sperry reagents can 
be used for the determination of cholesterol in any given material. They 
may aid in the isolation of fast acting sterols from mixtures. The over-all 
color curves (Figs. 1 to 3) and the constants may be employed as criteria 
of purity for isolated sterols. Certain of the constants are also useful in 
the quantitative determination of sterols in simple mixtures.” 


2 The formula previously derived (1) for the analysis of mixtures of cholesterol and 
7-dehydrocholesterol can be applied to any pair of sterols with sufficiently different 
rates of color formations. Thus F = (R,y — Rea)/(cy — ab) and S = (Rox — R,b)/ 
(xy — ab), where F = millimoles of the faster acting sterol (F’) in 6.2 ml., S = milli- 
moles of the slower acting sterol (S) in 6.2 ml., a = the millimolar LZ value for sterol 
S at time of maximal color for sterol F (7), b = the millimolar L value for sterol F 
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It is possible to distinguish among several of the sterols by a combina- 
tion of reactivity in the color test and hydrogenation. The A®-, A®-, and 
A“@5)-cholestenols all take up hydrogen with Adams’ catalyst in acid me- 
dium, yet give characteristic responses to the modified Schoenheimer- 
Sperry reagent. A%“)-Cholestenol is unchanged by hydrogenation in acid 
medium (3). The A?- and A*’®-cholestenols both yield A*“-cholestenol 
on “hydrogenation” in acid, but these sterols can be distinguished from 
one another by their characteristic reactivities in the color test. These 
methods have recently been used ‘successfully in the identification of new 
sterols from oats (13) and wheat. 


SUMMARY 


1. A series of sterols was treated with the modified Schoenheimer-Sperry 
reagent, and A’-cholestenol was found to be the most active of the mono- 
unsaturated stenols, both in the speed of the reaction and the intensity of 
the color formed. The A%®-, A8@-, and A'“@5-cholestenols were inter- 
mediate in speed and intensity, while cholesterol (A5) reacted more slowly. 
A®-Cholestenol was the least active of the stenols. 

2. Sterols substituted at position 7 were fast acting in the color test when 
the substituent permitted the ready formation of a 7(8) double bond: 
7(a)-hydroxycholesterol, 7(8)-hydroxycholesterol, 7 bromo- and 7 chloro- 
cholesterol were fast acting and 7(a)-hydroxycholestanol moderately so. 
Compounds not readily converted to a A7®-unsaturated sterol were either 
poorly reactive in the color test (7(8)-hydroxycholestanol) or inactive (7- 
ketocholesterol). 

3. The sitosterols were slightly less reactive than the corresponding com- 
pounds of the cholesterol series. 

4. Several sterols can now be identified by a combination of the color 
test and hydrogenation in acid medium. 
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at the time of maximal color for sterol S (72), z = the millimolar Z value for sterol 
F in 6.2 ml. of reaction mixture at the time of maximal color, y = the millimolar L 
value for sterol S in 6.2 ml. of reaction mixture at the time of maximal color, Rk, = 
the L value of the unknown mixture at 7, and R, = the L value of unknown mixture 
at T. 
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RAT LIVER LACTIC DEHYDROGENASE 


I. ISOLATION AND CHEMICAL PROPERTIES OF THE 
CRYSTALLINE ENZYME* 


By DAVID M. GIBSON,t EDWIN O. DAVISSON,} BIMAL K. BACHHAWAT, 
B. ROGER RAY, anv CARL S. VESTLING 


(From the Divisions of Biochemistry and Physical Chemistry, Noyes Laboratory of 
Chemistry, University of Illinois, Urbana, Illinois) 


(Received for publication, December 13, 1952) 


The fractionation of the proteins of liver, which contains what Edsall 
(1) has referred to as an “incredible multiplicity” of enzymes, has been 
attempted with considerable success by several groups of investigators 
(1-13). The procedures employed have involved for the most part salting- 
out and solvent processes with careful control of pH, ionic strength, tem- 
perature, and protein concentration. Asa result of the studies cited above, 
crystalline catalase (4-6, 10) and glutamic acid dehydrogenase (7-9) have 
been obtained from bovine liver and crystalline alcohol dehydrogenase 
from equine liver (11). 

The work reported in the present series of papers adds yet another 
crystalline enzyme to the growing list: rat liver lactic dehydrogenase (14, 
15). It seems probable that a number of chemically well defined liver 
enzymes may soon be in hand for a careful study of physicochemical 
properties, amino acid composition, and specificity requirements for co- 
enzymes and substrates. The accumulation of such information coupled 
with a precise localization of each enzyme is considered to be vital to a 
thorough understanding of the metabolic reactions which take place in 
the liver cell. 

A preliminary examination of the enzyme, lactic dehydrogenase,! in rat 
liver extracts had shown that it was quite stable (16) and might lend itself 


* This investigation was aided in part by a grant from I. I. du Pont de Nemours 
and Company to the Department of Chemistry and by a grant from the Research 
Board of the Graduate College, University of Illinois. 

Paper II of this series, on the physicochemical characterization of rat liver lactic 
dehydrogenase, will appear in a forthcoming issue of the Journal of Physical Chem- 
wiry. ‘ 

+ Fellow of the American Cancer Society, 1951-52. 

t In part from a thesis to be submitted by Edwin O. Davisson in partial fulfil- 
ment of the requirements for the degree of Doctor of Philosophy in Chemistry in the 
Graduate College of the University of Illinois. Present address, Eli Lilly and Com- 
pany, Indianapolis, Indiana. 

! Lactic dehydrogenase is abbreviated as LDH; oxidized diphosphopyridine nu- 
cleotide, DPN*; and reduced diphosphopyridine, DPNH. 
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to fractionation in view of the availability of a convenient spectrophoto- 
metric assay for activity. This paper presents a method for the isolation 
of crystalline LDH from rat liver and a description of its chemical proper- 
ties. Another report will describe the details of the physicochemical char- 
acterization of the purified enzyme. 

LDH was first described in muscle by Meyerhof (17) and the enzyme 
system further characterized by Szent-Gyérgyi (18, 19), von Euler (20), 
Boyland (21, 22), and Green (23) and their coworkers. The crystalline 
muscle enzyme was prepared by Straub from ox heart in 1940 (24) and by 
Kubowitz and Ott from rat skeletal muscle and from the Jensen rat sar- 
coma in 1943 (25). Recently a number of properties of LDH have been 
reported (26-32). 


EXPERIMENTAL 


Enzyme Concentration—Although the lactate-pyruvate equilibrium is 
strongly in favor of lactate (25), LDH activity can be conveniently esti- 
mated by measuring the initial rate of formation of DPNH under a stand- 
ard set of conditions. In the equation 


d{[DPNH]/dt = k X E per ml. 


E per ml. denotes enzyme concentration in arbitrary units. 

In practice the LDH assays were carried out in 1.0 cm. quartz cuvettes 
in the Beckman model DU spectrophotometer. The final concentrations 
in the cuvette were as follows: sodium pt-lactate, 0.11 mM; DPN+, 1.5 * 10-4 
M; 0.03 m sodium diethyl barbiturate buffer at pH 8.6. The reaction was 
initiated by adding the DPN* component of the solution rapidly with 
stirring. The final volume was usually 3.6 ml. and the temperature ap- 
proximately 25°. Time intervals in seconds were measured for optical 
density increments of 0.005 at 340 mu. The rate, 0.005/At, was nearly 
constant during the first 2 minutes of the reaction if At was in the range of 
5 to 20 seconds. If the value of k is taken to be 10-%, the expression for 
the computation of enzyme concentration is 


E per ml. = 103 X 0.005/At = 5/At 


With the set of conditions as given, 1 unit of LDH was defined as that 
amount per ml. in the cuvette which would effect a change in optical 
density of 0.005 in 5 seconds at the onset of the reaction. 

Protein Concentration and Specific Activity—The specific enzyme activity 
(E/P) of liver fractions was expressed as the ratio of the enzyme concentra- 
tion in units per ml]. to the absorption value at 280 my (37) and pH 7 to 8. 
1 per cent rat liver protein solutions as determined by micro-Kjeldahl 
analysis showed calculated absorption values of 15 to 20 for most of the 
early fractions studied. 
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Electrophoresis—As an additional control in fractionation, active enzyme 
fractions were routinely examined in the electrophoresis instrument.2. The 
enzyme was identified with a component showing a mobility toward the 
anode of 0.5 to 1.0 X 10-5 cm-? volt sec.— in potassium phosphate buffer 
of ionic strength 0.1, pH 7.8 at 0.8°. Contaminating proteins all showed 
higher mobility under these conditions. The trailing component in the 
descending arm of the cell was sampled and showed significantly increased 
specific activity. The ratio of the amount of this component to the total 
protein as measured by area analysis was proportional to the specific ac- 
tivity of the whole fraction at progressive stages in the purification of the 
enzyme. 


Fractionation 


The steps for the isolation of LDH from rat liver are outlined in Table I, 
along with the yield and purity of the active fractions. All fractionation 
processes were conducted at 0° or below, with standard techniques to avoid 
protein denaturation (35). The electrophoretic patterns for two of the 
fractions are presented in Fig. 1. 

Step 1—For every 100 gm. of minced liver from adult, albino rats? of 
both sexes and varying strain were added 20 gm. of ice and 80 ml. of 0.5 m 
NaCl. The mixture was homogenized for 2 minutes at half maximal speed 
in the Waring blendor. Then 100 ml. of 0.5 mM NaCl were added and the 
homogenate was allowed to stand at 0° for 30 minutes with occasional 
stirring. The homogenate was transferred to a stainless steel beaker which 
was secured in a controlled low temperature bath. Next, 200 ml. of 50 
volumes per cent ethanol (1 part absolute ethanol, 1 part 0.5 m NaCl), 
cooled to —10°, were added slowly with mechanical stirring at a rate not 
in excess of 500 ml. per hour. During this time the temperature of the 
mixture was permitted to fall from 0-5°. The mixture was stirred con- 
tinuously for 30 minutes after ethanol addition and then centrifuged at 
800 & g for 2 hours at —5°. The final ethanol concentration was 20 
volumes per cent, pH 6.5. 

Step 2—The clear, red supernatant solution, S-1, was dialyzed against 
0.5 m NaCl for 36 hours at 0°. The dialyzed solution was brought to an 


2 The Tiselius apparatus was manufactured by Frank Pearson Associates, New 
York. The electrophoresis cell was of 11 ml. capacity and the electrode assembly 
was the design of Alberty (34). The authors gratefully acknowledge the assistance 
of Robert L. Fischer in performing some of the electrophoretic analyses. 

3 The authors wish to express their appreciation to Dr. D. A. McGinty and his as- 
sociates of the Research Department, Parke, Davis and Company, Detroit, for collect- 
ing large quantities of rat liver. Liver from untreated rats and from young male rats 
24 hours after hypophysectomy served equally well as a source of LDH, whether used 
fresh or after storage under deep freeze conditions. 
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ammonium sulfate concentration of 0.3 gm. per ml. at 0° by slowly sifting 
in 35.3 gm. of the salt per 100 ml. of dialyzed S-1. Centrifugation in this 
step, as in most subsequent steps, was performed at 800 X g for 2 hours. 


TaBLe I 
Essential Conditions for Fractionation at Each Step 


The average specific enzyme activity (E/P) and the expected cumulative yield 
are presented with each enzymatically active fraction. 
































Conditions for fractionation Analysis of active fraction 
Step No. si reid. | r | Enzy ~~ > 
fic | Ti a- | \ teed ene 7 E 
EtOH Po pH a —- | Fraction | Yield P 
~— I °C, | oe | per cent 
1 20 6.5 0.3 —5 | 1,000 | 8-1 85 50 
2 0.3 | 6.5 | 0 | 1,000 | P-2 | 30 125 
3 5 5.8 | 0.03 —3 | 10,000 | 8-3 | 75 250 
4 30 5.8} 0.083 | -—10 | 5,000} P-4 75 300 
5 | 30 7.8 |} 0.05 —10 5,000 | P-5 | 70 | 600 
6 | 20 |7.8| 0.05 | -8 | 10,000|/P-6 | 65 | 1200 
ite) (20) 7.8 | 0.05 —8 20,000 | P-7 | 50 2000 
8 0 |7.8 0.03 0 | 100,000 | P-8 30 8400 
9 0537 Viies 0 | 200,000 | Crystals | 30 8400 
A| B 
J 
-— + -— + 


E/P=300 £/P=2300 


Fia. 1. The electrophoretic patterns of two representative liver fractions are pre- 
sented to demonstrate the increase in relative concentration of the LDH component 
(vertical arrows) and the corresponding increase in specific enzyme activity (15/P). 
At 0.8°, pH 7.8, ionic strength 0.1, phosphate buffer (pattern A) and at pH 8.6, ionic 
strength 0.1, diethyl barbiturate buffer (pattern B), the enzyme displayed the lowest 
mobility (u = 0.5 to 1.0 X 10-5 cm.? volt7! sec.-!) toward the anode among the liver 
proteins present. 


Step 3—The resulting brown precipitate, P-2, was redissolved in a vol- 
ume of water one-tenth as large as the volume of S-1 employed in Step 2. 
The solution was dialyzed against 0.03 M NaCl for 36 hours at 0°, the pH, 
after dialysis, was adjusted to 5.8 with dilute acetic acid, and the ethanol 
concentration was brought to 5 volumes per cent at —3°. 

Step 4—After centrifugation, the enzyme remained in the supernatant 





ing 
this 


urs. 


‘ield 


50 
25 
50 
00 
00 
00 
00 


00 


pre- 
nent 
/P). 
ionic 
west 
liver 


vol- 
p 2. 
pH, 


anol 


tant 





GIBSON, DAVISSON, BACHHAWAT, RAY, AND VESTLING 401 


solution, S-3, and was reprecipitated in fraction P-4 by bringing the con- 
ditions to 30 volumes per cent of ethanol, ionic strength 0.03, pH 5.8, 
and —10°. . 

Step 5—Precipitate P-4 was redissolved in sufficient phosphate buffer 
(ionic strength 0.1, pH 7.8) to bring the solution to a volume equal to that 
of P-2 in Step 3. To this was added an equal volume of 60 volumes per 
cent of ethanol. The final conditions were 30 volumes per cent of ethanol, 
ionic strength 0.05, pH 7.8, and —10°. 

Step 6—Precipitate P-5 was resuspended in phosphate buffer at a volume 
one-half as large as the solution of P-4. The conditions were then brought 
to 20 volumes per cent of ethanol, ionic strength 0.05, pH 7.8, and —8°. 

Step 7—The resulting precipitate, P-6, was again suspended in phos- 
phate buffer and brought to the same set of conditions as in Step 6, but 
the final volume was reduced by half. 

Step 8—Precipitate P-7 was resuspended in approximately 3 volumes of 
phosphate buffer (ionic strength 0.03, pH 7.8) and centrifuged at 25,000 
x g for 30 minutes. The active residue was similarly reextracted three 
or four times until all the brown color was removed. The combined ex- 
tracts, S-8, contained a variable amount of enzyme which could be re- 
covered, if warranted, by reprecipitation with ethanol and treating as 
described previously. The final residue, P-8, was suspended in about 2 
volumes of 1.0 M ammonium sulfate (made up in 0.1 mM phosphate buffer, 
pH 7.8) and was stored for 12 hours at 0° to assure complete solution of 
the enzyme. The residue remaining after this period was removed by 
centrifugation and discarded if no further enzyme could be extracted with 
1.0 mM ammonium sulfate. If the enzyme dissolved in 1.0 M ammonium 
sulfate did not possess the maximal purity index (E/P = 8400), the solution 
was exhaustively dialyzed against phosphate buffer (ionic strength 0.05, 
pH 7.8) and then reprecipitated at 20 volumes per cent of ethanol and the 
precipitate again carried through the extraction steps. 

Step 9—The pure enzyme was brought into a very concentrated solution 
by first precipitating at 0.3 gm. per ml. of ammonium sulfate concentra- 
tion and then redissolving in the smallest possible volume of 1.0 M am- 
monium sulfate. A dialysis bag containing sufficient saturated ammonium 
sulfate (at pH 7.8) to bring the enzyme solution to 0.3 gm. per ml. was then 
immersed in the solution at 0° and mechanically rotated very slowly over 
a period of 12 hours. Crystallization was evident by microscopy and by 
the display of a sheen in the suspension on stirring. Recrystallization did 
not improve the specific activity (E/P = 8400) nor the size of the crystals. 
The crystals were extremely minute (Fig. 2), requiring a magnification of 
1500 X, and were difficult to photograph, since the refractive index was 
almost identical with that of the suspending medium. Methylene blue 
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staining was not particularly helpful. The average total yield of enzyme 
was about 30 per cent. 1 kilo of whole liver yielded 2 million units or 200 
mg. of crystalline LDH. 


Chemical Characterization of Lactic Dehydrogenase 
The dry weight of the purified enzyme was determined with exhaustively 
dialyzed samples which were then dried either by heating for 2 weeks in 
a vacuum oven at 110° or by lyophilizing for 12 hours. The percentage 
composition of nitrogen by both methods after salt correction or salt re- 
moval was quite similar, giving an average value of 14.8 gm. of nitrogen 





Fic. 2. Photomicrograph of LDH crystals (unstained) at a magnification of 1500 


x. 


per 100 gm. of dry protein. The absorption spectrum was typical of that 
for most proteins having an absorption maximum at 280 mu (pH 6 to 8). 
No absorption peak was observed at 340 muy, the region of maximal ab- 
sorption for reduced DPN. The specific absorption coefficient at 280 my 
for a 1 per cent protein solution (1 gm. of protein per 100 ml. of solution) 
was 12.58. An enzyme solution with a calculated optical density of 1.0 
at 280 my had an enzyme concentration of 8400 units per ml.; 7.e., the 
maximal specific enzyme activity of the pure enzyme. 1 mg. of enzyme 
is equivalent to 10,500 units of enzyme activity. 

The pH of an enzyme sample dialyzed for several days against 0.1 m 
NaCl was 6.4 at 10°. This value compared favorably with the isoelectric 
point of 6.3 determined in electrophoresis experiments. A complete solu- 
bility study of the purified enzyme was not performed, since it was impossi- 
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ble to obtain the enzyme in the dry state without denaturation. How- 
ever, if a partial precipitation of enzyme in solution was accomplished by 
bringing the ammonium sulfate concentration to 0.27 gm. per ml., the 
precipitated material, the supernatant solution, and the initial solution all 
showed the maximal specific activity. 

The enzyme was stable in the pH and temperature range employed in 
the fractionation procedure. There was a gradual loss of activity at values 
less than pH 5.0 or greater than pH 8.5. The pure enzyme was stored as 
a concentrated solution in 1.0 M ammonium sulfate or in 0.5 mM NaCl at 
0° for periods of a month or more. Attempts to lyophilize solutions of the 
enzyme without loss of activity were unsuccessful. 

The results of determinations of the amino acids in acid hydrolysates 
of the enzyme are presented in Table II. The analyses were performed 
by microbiological methods‘ (33, 36). Tryptophan was estimated from 
absorption data of the whole protein after correcting for the content of 
tyrosine (37). The amino acids found by analysis accounted for 93.5 per 
cent of the total protein weight and represented at least 1065 amino acid 
residues per enzyme molecule. No analysis was made for alanine and 
hydroxyproline. The summation of the atoms of amino acid nitrogen per 
molecule of enzyme (calculated) was 1323. This compared with the value 
of 1332 atoms of nitrogen per molecule of enzyme as determined separately 
by Kjeldahl analysis. The most striking aspect of the amino acid analysis 
was the high content of leucine, valine, and isoleucine. The values pre- 
sented must be considered to be subject to the errors of the microbiological 
procedures. 


Kinetics of Lactic Dehydrogenase System 


Kinetic studies of the conversion of lactate to pyruvate in the presence 
of purified rat liver LDH as represented by the over-all equation 





LDH 
Lactate + DPN*+ ——— pyruvate + DPNH + H+ 


were undertaken in an attempt to determine the classical Michaelis-Menten 
constants (38) for a two substrate system. The preliminary data pre- 
sented here demonstrate that the maximal initial reaction velocity (V ™) 
and the Michaelis-Menten constant (K y) for one substrate are dependent 
on the concentration of the second substrate. This interdependence of 
substrate concentrations was recently demonstrated by Theorell and Bon- 
nichsen (39) and Theorell and Chance (40) with equine liver alcohol de- 
hydrogenase and by Schwert and Hakala (29) for a bovine heart LDH 
preparation. 


‘The authors are greatly indebted to Dr. L. M. Henderson and Mrs. Jean Ogren 
of the Division of Biochemistry for performing these analyses. 
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In the present study with rat liver LDH, initial reaction velocities (V;) 
were measured at 24° as the increment in optical densi y at 340 my per 
unit time at the onset of the reaction with LDH and the substrates pi- 
lactate and DPN+. The method was identical with the analytical pro- 


TaBLeE II 
Amino Acid Analysis of Lactic Dehydrogenase 
The amino acid content of an acid hydrolysate of purified LDH was determined by 

microbiological assay. Tryptophan was estimated from the absorption of the en- 
zyme at 280 mu. The combined content of cystine and cysteine was expressed as 
cysteine. The moles of amino acid residues per mole of protein were calculated on 
the basis of a molecular weight for the enzyme of 126,000. 

Avituataetd Gm. amino acid residue Moles amino acid 


per 100 gm. protein residue per mole protein 


SEIN) sen ore | 11.6 129 


BURNS N oos ns Ae osc Sea oo weird we teas Wiebe 8Ss 10.7 136 
ches oe Ok. dain | 7.4 82 
SOEST ECTS Sa enn J ae 4.3 95 
2 S/OC PY NE a PES Sa Oa “A * 
CN oR NTN Fy ga CR oc Cae 6.2 90 
CULE TTS 1 see ce rt 34 
ori eS ACER OOO eae 2.1 20 
Cystine 2 
Cysteine | Bye Pe nche SE oe eR araiy siot'd 1.3 16 
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* No analysis made. 


cedure described in the first section of this paper with the exception that 
V; was expressed as A[DPNH] per second, where an optical density change 
of 0.005 is equivalent to an increase in DPNH concentration of 8.0 & 10-7 
M as calculated from the recently determined specific absorption coefficient 
of 6.22 X 108 sq. cm. per mole (41). The components added to the 1.0 
em. quartz cuvette were 0.5 ml. of enzyme solution, 1.0 ml. of Veronal 
buffer at pH 8.8, 1.0 ml. of pi-lactate solution, and 0.5 ml. of DPN+ 
solution, the last at zero time. At the final volume of 3.0 ml., the pure 
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enzyme solution had a calculated optical density at 280 my of 0.00012, 
which represente,l a concentration of 9.50 X 10-5 mg. per ml. or 7.57 
xX 10-'° mole of enzyme per liter. The concentrations of pi-lactate and 
DPN* were varied. In Fig. 3 and Table III lactate concentration is 
expressed as moles of L-lactate per liter, since it was found in systems in 
which the L isomer was employed that the V; was the same as if twice the 
concentration of pi-lactate had been used. The DPN?* preparation was 
73 per cent pure as analyzed by the method of Hogeboom and Barry (42). 
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Fic. 3. Vaz as a function of [DPNt+] and Vyp as a function of [L-lactate]. In 
Curve A, 1/[DPN*] (upper abscissa) is plotted against 1/Vyz. In Curve B, 1/[L- 
lactate] (lower abscissa) is plotted against 1/Vyp. The reciprocals of the maximal 


velocities have the same dimensions and are represented together on the ordinate. 
Slopes and intercepts were calculated by the method of least squares. 


In Fig. 3 are plotted the values® of 1/V wz versus 1/[DPN*] (Curve A) 
and the values of 1/V wp versus 1/[lactate] (Curve B). Examination of 
Fig. 3 clearly shows the dependence of the Vy of one substrate on the 
concentration of the second substrate. As the concentrations of DPN+ 
and L-lactate approach infinity, the values of Vy, and V yp, respectively, 
approach the same limiting value. From the intercept in Fig. 3, the limit- 
ing value of V y was calculated to be 4.15 X 10-7 mole of DPNH per liter 


5 Vyr values are the maximal initial reaction velocities obtained when the DPN* 
concentration was constant and the lactate concentration was varied. Vyp val- 
ues are the maximal initial reaction velocities obtained when the lactate concen- 
tration was constant and the DPN* concentration was varied. 
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per second. The limiting value for the turnover number was 32,900 moles 
of DPNH per minute per mole of enzyme at 24° in Veronal buffer at pH 8.8. 

The data presented in Table III also demonstrate the dependence of 
Kup and K yz on the concentrations of lactate and DPN‘, respectively. 
The kinetic equations of Theorell and Chance predict a relationship be- 
tween the specific reaction velocity constants of their proposed three-step 
dehydrogenase system and the limiting values of V y and K y (40). In this 
respect the data presented here seemed to fit the equations of Theorell 
and Chance, although no enzyme-coenzyme complex could be detected by 


Tass III 
Summary of Experiments on LDH Kinetics 

These data were obtained at 24° by measuring the initial rate of formation of 
DPNH spectrophotometrically at 340 mu. Vy and Ky values were determined by 
varying the concentration of one substrate at four different concentrations of the 
second substrate. Vy is expressed as moles of DPNH per second, Ky, as [t-lac- 
tate], and Kyp as [DPNt]. The turnover number is expressed as moles of DPNH 
per minute per mole of enzyme. 


[DPN*] X 10-4 Vurt X 1077 Turnover No. Kyz X 1072 








0.44 0.65 5,100 | 2.82 
0.88 1.11 8,800 2.56 
1.75 1.78 14,100 2.23 
3.50 2.44 19,300 | 1.96 
[t-Lactate] X 10-2 | Vup X 1077 | Turnover No. | Kup X 1074 
1.66 2.21 17,500 | 3.49 
3.30 2.94 | 23,300 | 3.08 
6.60 3.34 | 26 , 500 2.66 
13.30 3.65 | 28 , 900 


2.55 








spectrophotometry. Very recently a complex of DPNH and LDH (Straub 
preparation from beef heart) was demonstrated by Chance and Neilands 
(32) by employing the sensitive spectrophotometric technique previously 
applied to the study of liver alcohol dehydrogenase. A more detailed 
analysis of kinetic data is required to define these relationships in the 
mechanism of action of LDH from rat liver. Although the DPN* prepa- 
ration employed here was 73 per cent pure, the possibility that impurities 
may influence the substrate interdependence cannot be rejected. 
Preliminary studies were made relative to optimal pH and substrate 
specificity. Initial reaction velocities observed for the pyruvate to lactate 
conversion were maximal at pH 8.4, while for the lactate to pyruvate con- 
version a reproducible maximum was obtained at pH 8.9. Velocity de- 
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terminations with systems more alkaline than pH 8.9 were inconsistent, 
owing probably to denaturation effects. Substitution of 6-hydroxybutyr- 
ate, malate, or ethanol in place of lactate in the LDH test system re- 
sulted in no increase in optical density at 340 mu at pH 8.6. 


Physicochemical Characterization 


A thorough study of the physical properties of LDH was made and will 
be reported in detail in a separate communication. The principal findings 
of this investigation are summarized below. 

The sedimentation behavior of the purified enzyme was examined in the 
ultracentrifuge in the range of 0.4 to 1.4 per cent. A single gradient peak 
displaying a high degree of symmetry and Gaussian form was observed in 
each experiment. The value of sa. at infinite dilution was 7.39 X 10-8 
second. The diffusion coefficient, Deo», evaluated by the maximal height- 
area method, had a value of 5.8 X 10-7 cm. per second at infinite dilution. 
The partial specific volume was found to be 0.745 ml. per gm. at 0°. From 
these data the anhydrous molecular weight was calculated to be 126,000 
and the molar frictional ratio 1.13. It is indicated that the shape of the 
LDH molecule is somewhere between that of a sphere of 34 per cent hydra- 
tion and an unhydrated ellipsoid with an axial ratio of 3.4. The ellipsoid 
form would have a diameter of 60 A and length of 200 A. 

Upon electrophoresis the enzyme migrated as a single, symmetrical peak 
over a pH range of 5.8 to 7.8 in potassium phosphate buffers of 0.1 ionic 
strength at 0.8°. The isoelectric point was 6.3. 


DISCUSSION 


The isolation procedure presented in this paper demonstrates again that 
intracellular enzymes and undoubtedly a host of other tissue proteins are 
susceptible to separation by the use of organic solvents at low temperature. 
The first supernatant fluid, S-1, contained many different types of protein 
in solution, revealing at least ten electrophoretic components. LDH alone 
made up less than 0.7 per cent of the total protein in this solution. The 
usefulness of ammonium sulfate was limited, because the solubilities of the 
enzyme and of other proteins were not sufficiently different in systems of 
the salt to permit efficient separation of the enzyme. 

From a kinetic standpoint rat liver LDH was similar to LDH isolated 
from other tissues. The LDH system oxidized only the L-lactate isomer, 
as similarly reported for LDH from heart muscle (27, 31) and from skeletal 
muscle (25). In recent kinetic studies with LDH from heart muscle Nei- 
lands reports K y values for DPN*+ and t-lactate of about 10-5 and 107, 
respectively. These are an order of magnitude smaller than the values 
determined in the present investigation. The turnover numbers for two 
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fractions separated by electrophoresis of crystalline LDH from beef heart 
(Fractions A and C of Neilands) were 12,800 and 8100 moles of DPNH 
per minute per mole of enzyme, respectively, at pH 10 with 8.7 * 10“ 
DPN?* and 2.7 X 10-? M sodium pL-lactate concentrations (31). Although 
the buffer and pH in the latter study are different from those employed in 
the present paper, the turnover numbers lie in the range of values presented 
in Table III. Since the turnover numbers are frequently employed in 
comparing the kinetic characteristics of enzymes, it may be suggested that 
the limiting value of the turnover number at infinite concentrations of 
substrates should be established as the most suitable reference for this 
comparison. 


SUMMARY 


1. A method in which ethanol and ammonium sulfate at low tempera- 
tures are employed in the isolation and crystallization of lactic dehydro- 
genase from rat liver has been described. 

2. The nitrogen content, specific absorption coefficient (280 my), and 
amino acid composition of the purified enzyme were determined. 

3. Kinetic studies demonstrated that the Michaelis-Menten constants 
for one substrate were dependent upon the concentration of the second 
substrate. The values of Ky and Vy for four different concentrations of 
lactate and oxidized DPN are reported. 
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Studies with labeled glucose have indicated that the oxidation of glucose 
by the extrahepatic tissues is increased after the administration of insulin 
(1). In eviscerated rabbits not given insulin, comparison of the specific 
activity of expired CO, with that of the plasma glucose has shown that 
about 20 per cent of the CO. comes from the oxidation of circulating 
glucose. After insulin has been given, this percentage begins to rise and 
after 8 hours attains a value of approximately 60 per cent and increases 
only slightly above this value with additional time. With the increase 
each hour in the amount of COs, there is an equal decrease in unlabeled 
COs, the total CO, output remaining practically constant. When insulin 
increases the oxidation of glucose, does it also depress directly the oxida- 
tion of other metabolites or is there an intrinsic mechanism in the cell that 
takes care of this reallocation of fuels for combustion? 

It has been previously shown that 6-hydroxybutyrate, when adminis- 
tered to an animal receiving insulin and glucose, will displace part of the 
glucose being oxidized (2). Does acetate have a similar effect, and, if so, 
is this substitution of a competitive nature depending on the relative con- 
centrations of the respective fuels in the cell, or is the amount of acetate 
oxidized independent of the amount of glucose being burned? 

The experiments to be reported in this paper involving acetate were de- 
signed to study these problems. The general plan of the work was to de- 
termine whether the giving of insulin and glucose would depress the 
oxidation rate of acetate and to determine whether the administration of 
acetate would depress the oxidation of glucose when this has been increased 
by insulin. We investigated the former problem by maintaining a con- 
stant amount of labeled acetate in the body and then comparing rates of 
oxidation of acetate in periods with and without insulin. The second 


* This investigation was supported in part by a research grant from the Division 
of Research Grants and Fellowships of the National Institutes of Health, United 
States Public Health Service. 

The insulin used in this work was contributed by Eli Lilly and Company. 
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problem was examined by giving the animal insulin and labeled glucose 
long enough (5 hours) to obtain a steady state, and then inactive acetate 
was superimposed while maintaining the insulin. By using the above 
procedure, each animal served as its own control. At all times glucose was 
given intravenously as needed to maintain a normal blood sugar level. 


Methods 


Non-fasted rabbits were used. The abdominal viscera, including the 
kidneys, were removed by a technique previously described (3). A tra- 
cheal cannula was inserted at the time of the operation in order to collect 
the expired CO,. The radioactive acetate-2-C" was purchased from Tra- 
cerlab, Inc. The C-labeled glucose (uniformly labeled) was prepared by 
the acid hydrolysis of starch prepared by biosynthesis (4). 


Action of Insulin on Rate of Oxidation of Acetate 


The rate of acetate oxidation was first determined for hourly periods 
over a 4 to 5 hour period without insulin, and then insulin was injected and 
the rate of acetate oxidation was followed for an additional 3 to 4 hours. 
A priming dose of labeled acetate, containing in most experiments carrier 
acetate, was given at the onset and then a steady continuous injection was 
given at an hourly rate which equaled about 40 per cent of the priming 
dose. This is the fraction of a given dose which we have found to be 
oxidized to CO, in the Ist hour after an injection of acetate (5). In this 
way the acetate was replaced at about the rate that it was being burned. 
At the end of the 5th hour the animal was given a large dose of insulin (20 
units) and otherwise maintained as before except that a larger amount of 
glucose had to be given in order to maintain a normal blood sugar level. 
The experiment was continued for an additional 3 hours with the same 
dose of insulin given each hour. 


Effect of Acetate on Oxidation of Glucose in Insulin-Treated Rabbits 


After recovery from the evisceration the rabbit was maintained for 4 
hours under maximal insulin activity (20 units per hour) with enough radio- 
active glucose to maintain a normal blood sugar level. Throughout the run 
the specific activity of the circulating glucose was kept at a constant level. 
To do this, a priming dose of C''-labeled glucose of high specific activity 
was administered at the start so as to make the specific activity of the body 
circulating glucose the same as that of the glucose to be used for the 
constant injection. At the end of the 4th or 5th hour unlabeled acetate 
was superimposed on the glucose and insulin injections. A priming dose 
of sodium acetate was given first and then for 3 hours a continuous injec- 
tion of acetic acid was administered. The acid, instead of its salt, was 
used for the continuous injection so as to prevent excessive alkalosis. 
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Results 


Table I gives the results of the experiments showing the effect of insulin 
on the oxidation of acetate in which each rabbit served as its own control. 
In determining the effect of insulin on the oxidation of acetate, considera- 
tion must be given to any changes in total amount of CO, exhaled, since 
this gives an indication of the total metabolism of the animal. In the 


TaBLeE II 
Average Values for Effect of Insulin on Acetate Oxidation* 
ini Cc " kil 
Hi, RNS Tosh on ge rte 
Control period 1 60 | 784 
2 60 776 
3 56 691 
Insulin period 1 63 777 
2 61 751 
3 52 | 660 








* Represents average of values for experiments on Rabbits 1 to 8 in Table I. 


The hourly rate of acetate oxidation is expressed in per cent of the acetate injected 
each hour. 


TaBLeE III 
Supplementary Data for Experiments Given in Table I 
The results are in mg. per kilo per hour. 




















Rabbit | Rabbit | Rabbit | Rabbit | Rabbit | Rabbit | Rabbit | Rabbit 
1} 2 3 4 | 5 | 6 | 7 8 
een a ee ES a a, ne! es en 
Glucose disappearance! | | | | | 
before insulin ad- | | | | | 
ministration........ | 171 | 155 284 | 220 | 165 | 234 185 257 
Glucose disappearance | 
after insulin admin- | | | 
istration. .......... | 515 | 520 | 635 | 630 | 415 | 435 | 390 558 


case of Rabbits 1, 2, and 5, the amount of CO, exhaled was fairly constant. 
Rabbit 1 showed a slight drop in acetate oxidized, and there was practically 
no change in Rabbits 2 and 5. In Rabbit 3 there was a definite increase 
in total CO, after insulin, and this was accompanied by an increase in 
acetate oxidation during the first 2 hours and a drop in the 3rd hour. In 
Rabbits 4 and 6 the total CO, dropped in the later hours, and this was 
accompanied by corresponding drops in acetate oxidized ; however, the spe- 
cific activity of the respired CO, remained practically constant. In Rab- 
bits 7 and 8 (given tracer doses of radioactive acetate without carrier ace- 
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tate) there was little change in the amount of acetate oxidized after 
injection of insulin; however, the specific activity of the respired CO, rose. 
When we average all these results, as is shown in Table II, we see no effect 
of insulin on the oxidation of acetate. In order to average the results, 


TaBLE IV 
Effect of Acetate on Glucose Oxidation in Insulinized Rabbits* 


Glucose oxidized, Per cent expired CO: CO: expired, mg. per kilo 

mg. per kilo per hr. from injected glucose per hr. 

Hrs = — : ' 
Rabbit | Rabbit | Rabbit Rabbit | Rabbit | Rabbit| Rabbit | Rabbit | Rabbit 
On. 10 il Op AG, tae Me this 9 10.°\ 5) il 
1 2 | 7 | 23] 6| 6| 3 | 720 | 680 | 960 
2 109 71 108 18 14 13 870 710 | 1240 
3 154 174 188 25 22 23 910 1140 | 1210 
4 230 | 190 | 238 | 35 | 32 | 32 | 975 | 975 | 1051 
5 230 173 219 | 42 | 37 | 27 | 820 645 | 1140 
6 200 158 144 36 | 31 | 21 830 735 1000 
7 150 116 197 , 2 24 | 24 | 880 700 | 1160 

8 172 158 | 2 | 2 | 900 | 1000 | 


* Acetate injections were started at the beginning of the 6th hour in Rabbits 9 
and 10 and at the beginning of the 5th hour in Rabbit 11. 


TABLE V 
Supplementary Data for Experiments Given in Table IV 


| Rabbit 9 Rabbit 10 Rabbit 11 

Glucose disappearance before acetic acid | | 

injection, mg. per kg. per hr.............. | 500 ; 400 511 
Glucose disappearance after acetic acid in- 

jection, mg. per kg. perhr................ | 815 405 | 565 
Priming dose of Na acetate calculated as | 

acetic acid, gm. per kg. per hr............ | 1.2 ra 1.0 
Acetic acid injected, mg. per kg. per hr.....; 320 260 300 


Rabbit, weights kon <8 tons aeaeas | 1.55 | 2.30 1.65 


| 
1 


the acetate oxidation per hour is expressed in percentage of the acetate 
injected each hour. The values for the control and the insulin in the 3rd 
hour are somewhat reduced, but this is evidently due to the accompanying 
lower metabolic rates indicated by the total CO, exhaled. 

In all the experiments the glucose disappearance rate was determined 
from the amount of glucose that had to be injected in order to keep the 
blood sugar at a normal constant level. The values are given in Table IIT. 
We see that the insulin had its typical effect in these animals in promoting 
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a marked increase in the transfer of glucose from the extracellular into the 
intracellular compartments. 

Table IV shows the effect of added acetate on glucose oxidation in in- 
sulinized rabbits. There is a distinct reduction in glucose oxidation after 
the addition of the acetate, although the animals show some increases in 
the 3rd hour. It may be noted, however, that during this 3rd “‘acetate 
hour”’ there is little or no rise in the per cent of expired CO, coming from 
injected glucose. This discrepancy is apparently due to the increase in 
total expired CO,. From the results of the previous section we can as- 
sume that the usual percentage of added acetate was burned. Thus, ace- 
tate displaced the oxidation of considerable amounts of glucose in the Ist 
and especially in the 2nd hour. As indicated in Table V, the glucose dis- 
appearance rate was not altered by the addition of acetate. We can as- 
sume then that labeled intermediate metabolic derivatives of glucose would 
be piling up in the cell and, because of their increasing concentration, 
would displace other fuels in combustion. These fuels must be other than 
acetate, since injected acetate is not displaced by glucose even under 
maximal insulin activity. 


DISCUSSION 

What is the mechanism whereby the oxidation of glucose is decreased by 
acetate? It might be supposed that in their metabolic breakdown glucose 
and acetate have a common metabolic pathway for terminal oxidation. 
Glucose in being metabolized might give rise to acetate or a derivative of 
it. This compound would have the same specific activity as that of the 
glucose from which it was derived since the glucose is uniformly labeled. 
The administration of inactive acetate would dilute the radioactive com- 
pound and hence lower the specific activity of the CO, coming from its 
combustion. For the terminal oxidation, then, there would be competi- 
tion between molecules of this compound from the two origins. This 
hypothesis cannot be maintained, however, when we consider the effects 
of insulin and glucose on the oxidation of acetate (labeled). If glucose in 
its metabolic breakdown passed through a stage common with acetate, it 
would dilute the labeled material and produce an effect on the oxidation 
of labeled acetate similar to that resulting from the injection of added un- 
labeled acetate. In other words, glucose should decrease acetate oxida- 
tion in the same manner that injected acetate decreases glucose oxidation. 
Such is not the case, however, and we can infer that in general glucose and 
acetate in their oxidation by the extrahepatic tissues do not have a com- 
mon pool. 

Our results indicate that acetate takes precedence over glucose as a fuel 
supply in tissue metabolism even in the presence of maximal insulin ac- 
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tivity. Insulin promotes the passage of glucose into the cell and in the 
course of several hours such glucose or its derivatives will increase in con- 
centration and as a result serve more and more as a fuel for metabolism. 
This glucose will displace other fuels, but not acetate, presumably on a 
competitive basis depending on the relative concentrations of the sub- 
stances. Acetate, on the other hand, seems to preempt the prior position 
in metabolism and this is independent of the concentration that glucose 
and its derivatives might have in the cell at the time. 


SUMMARY 


With the use of C-labeled glucose the effect of acetate administration 
on glucose oxidation in insulin-treated eviscerated rabbits has been in- 
vestigated. Although the disappearance rate of glucose is not reduced by 
the addition of acetate, the rate of glucose oxidation is definitely lowered. 

With the use of C'-labeled acetate the reverse of the above, namely, the 
effect of insulin and glucose on the oxidation of acetate, has been studied. 
The increased rate of glucose disappearance produced by the insulin did 
not change the rate of oxidation of the acetate. An increase in the met- 
abolie glucose pool, then, does not dilute the acetate pool. This indicates 
that neither acetate nor any of its derivatives pool with any derivative 
of glucose. 
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THE NITROGEN TERMINAL END-GROUPS OF HYPOPHYSEAL 
GROWTH HORMONE* 


By CHOH HAO LI anp LUCIENNE ASH 


(From the Department of Biochemistry, University of California, 
Berkeley, California) 


(Received for publication, January 8, 1953) 


In a review (1) on the chemical nature of hypophyseal growth hormone 
(somatotropin), it was postulated from analytical data that the hormone 
possesses two free terminal amino groups. Later, unpublished experi- 
ments of Li and Porter,! using the dinitrofluorobenzene (DNF B) method of 
Sanger (2), gave evidence of the presence of phenylalanine and alanine as 
N terminal amino acids in somatotropin. These observations were re- 
cently confirmed by Reid reporting in a preliminary note (3). It is the 
purpose of this paper to record in detail the reaction which occurs between 
DNFB and the hormone. 


EXPERIMENTAL 


Materials—The growth hormone preparations were isolated from ox an- 
terior pituitary glands by the method previously described (4-6). The 
hormone was shown to behave as a homogeneous substance in electro- 
phoresis, sedimentation, and diffusion studies (4, 6). 

The dinitrophenyl (DNP) amino acids were prepared according to the 
method described by Porter (7). 

Paper Chromatography of DNP Amino Acids—The two solvents which 
we have found most useful for the resolution of DNP amino acids on paper 
are toluene-pyridine-ethylene chlorohydrin?-0.8 n NH; (5:1:3:3) (Biserte 
and Osteux (8)), and tert-amyl alcohol-phthalate buffer? at pH 6 (Black- 
burn and Lowther (9)). With the toluene solvent, a mixture of the lower 
phase and 300 ce. of 0.8 N NH; was placed at the bottom of the chro- 
matography jar; the paper was equilibrated for several hours before addi- 
tion of the developing solvent. The solvent reached the bottom of a 21 
inch long paper (Whatman No. 1) in 8 to 10 hours. The DNP amino 
acids were dissolved in acetone and applied to the paper by means of a fine 


* The authors wish to express their appreciation to the Rockefeller Foundation 
und the American Cancer Society, upon recommendation of the Committee on Growth 
of the National Research Council, for research grants. 

1 Carried out in 1949 with R. R. Porter at the Biochemical Laboratory, Cambridge, 
England. 

2 Denoted as the toluene solvent. 

3 Denoted as the amyl alcohol solvent. 
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capillary. No more than a visible amount of yellow material was needed 
for application, since the DNP amino acids were easily detected as dark 
absorbing spots in ultraviolet light, and the smaller the quantity, the bet- 
ter the resolution proved to be. The order of the DNP amino acids with 
increasing Ry in the toluene solvent was as follows: DNP aspartic and 
DNP glutamic acids (near the origin), DNP serine and di-DNP cystine, 
DNP glycine and DNP threonine, DNP proline, DNP alanine, and 2, 4- 
dinitrophenol, DNP valine and DNP methionine, DNP phenylalanine and 
DNP leucine, di-DNP lysine, dinitroaniline (at the solvent front). 

With an unknown mixture of DNP amino acids, it is always necessary 
to remove the 2,4-dinitrophenol and dinitroaniline before applying the 
sample to paper, since their presence not only masks the DNP-alanine 
group but also gives streaks throughout the chromatogram. In order to 
remove these contaminants, a short silicic acid column was used (see be- 
low). It must be noted that the toluene solvent was not found suitable 
for the separation of the water-soluble DNP amino acids, since they form 
large tailing zones. 

The amy] alcohol solvent was prepared by saturating tert-amyl! alcohol 
with a phthalate buffer of pH 6 (9). Whatman No. 4 paper was dipped in 
the phthalate at pH 6 and air-dried. The solutions were then applied in 
the same manner as above. The solvent reached the bottom of a 21 inch 
paper in 10 to 12 hours. This solvent will separate the following pairs of 
DNP amino acids: DNP aspartic and DNP glutamic, di-DNP cystine and 
DNP serine, DNP glycine and DNP threonine. These separable pairs of 
DNP amino acids are those which have the same Rr on chromatograms 
with the toluene solvent. The amyl alcohol solvent will also separate 
DNP phenylalanine and DNP leucine but not as completely as it will the 
pairs mentioned above. 

For a more effective separation of DNP phenylalanine and DNP leucine, 
but also for the separation of DNP valine and DNP methionine which was 
not achieved with the above solvent systems, decalin saturated with glacial 
acetic acid (7) may be employed. With this solvent Whatman No. 1 
paper was used. 2,4-Dinitrophenol appeared with the solvent front, while 
most of the DNP amino acids remained at the origin. Hence, it is desir- 
able with this system that the solvent run off the paper for better separa- 
tion of the DNP amino acids. A separation of DNP proline and DNP 
alanine was achieved with phenol-isoamyl alcohol-H2O (1:1:1) as the de- 
veloping solvent. 

Silicic Acid Chromatography of DNP Amino Acids—Qualitative analysis 
of DNP amino acids is best accomplished with paper chromatography, but 
for quantitative analysis the silicic acid column technique ((2, 7) and Green 
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and Kay (10)) was found preferable. Mallinckrodt’s silicic acid‘ was used 
without reprecipitation or further purification, except for drying in an oven 
at 100° overnight. It was possible to obtain reproducible results. by using 
different lots of the same material. The silicic acid column technique was 
found useful for the removal of dinitrophenol and dinitroaniline from DNP 
amino acid mixtures before submitting them to paper chromatography. 
The following procedure was used for this purpose: 2 cc. of HO were 
ground with 4 gm. of oven-dried silicic acid and the mixture was then sus- 
pended in chloroform which had been washed with running water for about 
8 hours. The suspension was poured into the column and allowed to 
settle. The sample was dissolved in about 0.05 cc. of the chloroform and 
carefully added to the column. In this solvent dinitrophenol, together 
with dinitroaniline, moves out of the origin very rapidly, while the other 
DNP amino acids moved very slowly. The origin zone was readily eluted 
with 17 per cent butanol in chloroform saturated with water. 

Preparation of DNP Somatotropin—50 mg. of growth hormone and 100 
mg. of NaHCO; were suspended in 1 cc. of water, 100 mg. of 2,4-dinitro- 
fluorobenzene (Eastman Kodak) dissolved in 2 cc. of ethanol were added 
to the suspension, and the mixture was shaken mechanically for 4 hours. 
The yellow color developed almost immediately after addition of the 
DNFB. The precipitate was centrifuged out, washed three times with 
water, five times with ethanol, three times with ether, and then air-dried. 
The yield of this air-dried material was about 51 to 53 mg. 

Identification of DNP Amino Acids in DNP Hormone—47 mg. of DNP 
hormone were hydrolyzed in 10 cc. of 6 N HCl with refluxing for 17 hours. 
The hydrolysate was cooled and extracted three times with ether,® each 
extract being washed in turn with water. The total ether fraction and an 
aliquot of the aqueous fraction were taken to dryness for further studies. 
The ether fraction was placed on a silicic acid-chloroform column; after the 
very fast moving zone containing dinitrophenol and dinitroaniline had 
been eluted, the solvent was changed to 1 per cent butanol in chloroform. 
Two bands appeared. The eluent of each band was taken to dryness. 
Aliquots of the dry residues were combined and run chromatographically 
on paper with the toluene solvent. It may be seen from Fig. 1, A, that 
only two discrete spots were obtained; they were identified as DNP alanine 
and DNP phenylalanine. In order to obtain confirmation that the second 
spot was DNP phenylalanine and not DNP leucine, which, as was noted 


4100 mesh, marked ‘‘specially prepared for chromatography by the method of 
Ramsey and Patterson.” 

5 The ether used must be peroxide-free, since the peroxide partially decomposes 
the DNP amino acids, totally destroying them when the mixture is heated. 
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above, cannot be separated from DNP phenylalanine with the toluene 
solvent, paper chromatography of the fast moving band was carried out 
with decalin as the developing solvent. There appeared here only one 
spot corresponding in Ry to DNP phenylalanine. The remaining dry 
residues were dissolved in 1 per cent NaHCO; and read in a photoelectric 
spectrophotometer (Beckman) at 3500 A. After corrections were made 
for the amount which had been used for paper chromatography, a total of 
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Fig. 1. Section A, paper chromatograms of DNP amino acids obtained from the 
acid hydrolysate of DNP somatotropin. Whatman No. 1 filter paper; solvent, tolu- 
ene-pyridine-ethylene chlorohydrin-0.8 Nn NH;. A, phenylalanine; B, alanine; C, 
eluent from the silicic acid column. Section B, paper chromatograms of DNP amino 
acids obtained from the acid hydrolysate of DNP somatotropin. Whatman No. 1 
filter paper; solvent, phenol-isoamyl alcohol-H,O. A, phenylalanine; B, alanine and 
proline; C, proline; D, alanine; F, eluent from the silicic acid column. 


0.5 um of DNP alanine and 0.6 um of DNP phenylalanine was estimated 
in 47 mg. of DNP hormone. 

The dried aqueous fraction was placed on a silicic acid column with 
methylethyl ketone-ether (2:1) as the developing solvent and 1 n HCl as 
the stationary phase. The single band which appeared was collected. 
The eluent was taken to dryness. A portion of the dry residue was mixed 
with a small quantity of a pure sample of e~-DNP lysine and passed again 
through a ketone-ether column; only one band was obtained. Another 
portion of the dry residue, mixed with DNP lysine, DNP arginine, and 
DNP histidine, formed three bands on the same column. These observa- 
tions indicated that «-DNP lysine was the only DNP amino acid present 
in the aqueous solution. 

For quantitative determination of e-DNP lysine, the remaining dry 
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residue was dissolved in 1 n HCl and read in a Beckman spectrophotometer 
at 3900 A. The total e-DNP lysine was estimated to be 19.1 um. 

In order to obtain the correction factors, the above procedure was re- 
peated with another 47 mg. sample of DNP hormone which was hydrolyzed 
together with a mixture of 1.1 um of DNP alanine, 1.0 um of DNP pheny]l- 
alanine, and 27.2 um of e-DNP lysine. The percentage recovery of added 
DNP alanine and DNP phenylalanine, collected together, was 67 per cent. 
From this, the corrected value for DNP alanine in DNP hormone becomes 
0.8 um and that for DNP phenylalanine 0.9 um. The percentage recovery 
of the added «-DNP lysine was 81 per cent. The corrected yield of «--DNP 
lysine is 23.6 uM. 

Since it is known that DNP proline is destroyed under the conditions of 
hydrolysis (viz. 16 hours with refluxing 6 N HCl), it was necessary to hydro- 
lyze a sample of DNP somatotropin in 12 n HCl at 105° for 16 hours in a 
sealed tube as recommended by Porter (7). It may be seen in Fig. 1, B, 
that the paper chromatogram developed by phenol-isoamy! alcohol-H.O 
(volume per volume 1:1:1) (8) showed the absence of proline. In this sol- 
vent, it was again demonstrated that phenylalanine and alanine were the 
N terminal amino acids which reacted with DNFB. 


DISCUSSION 


The amino acid residues in the somatotropin molecules which reacted 
with DNFB were lysine, phenylalanine, and alanine. If we assume the 
molecular weight of the hormone to be 47,000 (1), 23.6 moles of «-DNP 
lysine, 0.9 mole of DNP phenylalanine, and 0.8 mole of DNP alanine were 
obtained in the acid hydrolysate of 1 mole of DNP somatotropin. The 
fact that the value for e-DNP lysine in DNP somatotropin is almost 
identical to the lysine content of the hormone (23 moles per mole of the 
hormone (1)) indicates that DNFB had reacted completely with all the 
available lysine residues in the hormone protein. Since it is difficult to 
find the right conditions for obtaining an exact correction factor for the 
quantitative estimation of DNP amino acids in the acid hydrolysates of 
DNP protein, the values reported for DNP phenylalanine and DNP 
alanine in the DNP somatotropin may be taken as approximate figures. 
Thus, it may be said that within the limits of experimental error the DNP 
somatotropin molecule contains 1 mole each of DNP phenylalanine and 
DNP alanine, and that these two amino acids must reside in the N term- 
inal ends of the protein molecule. 

A number of highly purified growth hormone preparations gave similar 
results. Preparations which behaved not entirely as homogeneous sub- 
stances in electrophoresis experiments consistently showed the presence of 
DPN valine and DNP methionine either singly or together, in the acid 
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hydrolysates of their DNP derivatives. The DNFB method should there- 
fore be very useful for furnishing additional evidence of the homogeneity 
of protein preparations. The occurrence of DNP phenylalanine and DNP 
alanine in a molar ratio of 1:1 in DNP somatotropin may be taken as 
further support for the view that the hormone protein is nearly pure. It 
would be possible, of course, for any impurity present to have N terminal 
groups identical to those of the growth hormone, or else for the hormone 
to have no end-groups at all. 


SUMMARY 


The reaction of dinitrofluorobenzene (DNFB) with growth hormone 
(somatotropin) isolated from ox anterior pituitary glands has been investi- 
gated. The amino acids which were modified by DNFB are lysine, pheny]- 
alanine, and alanine, as identified by paper and silicic acid chromatographic 
techniques. The amount of DNP phenylalanine and DNP alanine in the 
acid hydrolysate of DNP somatotropin appears in a molar ratio of 1:1, 
while the DNP lysine value is identical with the lysine content in the un- 
treated hormone. The results suggest that the somatotropin molecule 
consists of two open peptide chains having phenylalanine and alanine as 
N terminal amino acid residues. 
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EFFECTS OF ESTRADIOL ON THE METABOLISM OF HUMAN 
ENDOMETRIUM IN VITRO* 
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(From the Departments of Obstetrics and Biological Chemistry, Harvard Medical School, 
and the Research Laboratories of the Boston Lying-In Hospital, 
Boston, Massachusetts) 


(Received for publication, January 12, 1953) 


The oxygen consumption and rate of glycolysis of whole rat uterus in 
vitro vary with the phase of the estrus cycle (2, 3) and the injection of es- 
trogens into ovariectomized animals prior to sacrifice causes an increase in 
these same metabolic functions of the excised uterus (4-6). It has been 
reported that the addition of estrogen preparations to rat uterus in vitro 
also modifies the metabolism of the organ (7), but this finding has not been 
confirmed by other investigators (5, 8). The metabolism of rat liver 
slices and homogenates is depressed by the addition of estrogen (9, 10), as 
it is by numerous other steroids. 

In vivo, endometrium responds more strikingly than any other tissue to 
estrogen stimulation, as evidenced by the marked hyperplasia seen histo- 
logically in specimens from the late proliferative phase of the menstrual 
cycle, and by the atrophy that follows ovariectomy. Therefore, the possi- 
bility of a metabolic effect of estradiol in vitro has been reinvestigated with 
this sensitive tissue. It has been possible to demonstrate stimulatory ef- 
fects of estradiol on the carbohydrate metabolism of human endometrium. 


Methods 


Free-hand slices of human endometrium were incubated in Warburg 
vessels for 2 hours at 37.5° with an atmosphere of 100 per cent oxygen in a 
medium of which the ionic composition (in millimoles per liter) was Nat, 
80; K+, 40; Mgt*, 10; Cl-, 100; phosphate, 40 (pH 6.9). 

Uniformly labeled C'-glucose and potassium pyruvate-2-C™ were added 
to the medium as substrates at concentrations of 5.5 and 10 mm per liter, 
respectively.!. When both of these substrates were provided to the tissue, 
the radioactive glucose and pyruvate were placed in alternate vessels, ac- 

* This investigation was supported in part by the Charles and Marjorie King Fund 
and by a grant from Winthrop-Stearns, Inc. 

A preliminary account of some of this work has appeared (1). 

+ Winthrop-Stearns Research Fellow in Obstetrics, Harvard Medical School. 

1 The C'4-glucose was obtained from the Atomic Energy Commission, Oak Ridge, 


Tennessee, and the potassium pyruvate-2-C" was prepared by Dr. M. L. Karnovsky, 


Biophysical Laboratory, Harvard Medical School. 
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companied by non-radioactive pyruvate or glucose as required. Potassium 
a-ketoglutarate was added as substrate at a concentration of 10 mm per 
liter. The medium was analyzed for glucose, pyruvic or a-ketoglutaric 
acid, and lactic acid before and after incubation, and the glycogen content 
of the slices was determined after incubation. Glycogen analyses were 
also carried out on unincubated tissue for comparison. 

The specific activities (counts per minute per millimole) of the radio- 
glucose and radiopyruvate used as substrates, the tissue glycogen after in- 
cubation, and the respiratory carbon dioxide were determined. All the 
analytical methods used have been described previously (11). 

The endometrium was obtained from uteri removed surgically for reasons 
other than endometrial pathology. In each case the tissue was examined 
histologically to establish the absence of any pathologic process and to 
determine the phase of the menstrual cycle.2. Each uterus provided enough 
tissue for at least four incubation vessels, making possible duplicate de- 
terminations with and without added estradiol. A single uterus did not 
provide sufficient endometrium to incubate slices from the same uterus in 
different media. However, the specimens incubated in each of the several 
substrates included a similar representation of the various phases of the 
menstrual cycle. All of the analyses recorded for each substrate (Tables 
I and II) were carried out on aliquots of the contents of each vessel. 
Radioactive substrates were not used in every experiment and a few anal- 
yses were lost, so the number of determinations of utilization, production, 
and oxidation with any given substrate varies. The results were anal- 
yzed statistically by an analysis of variance (12), in which the total ob- 
served variation in each group of experiments was segregated into exper- 
imental error (from the duplicates), interspecimen variation, and effects 
due to added estradiol. 


RESULTS AND DISCUSSION 


Stuermer and Stein (13) found, in agreement with a few earlier observa- 
tions, no significant variation in the oxygen consumption of human endo- 
metrium in vitro that could be correlated with the phase of the menstrual 
cycle. The results of the present experiments suggest that a slight cyclic 
variation in average oxygen consumption may be demonstrated when a 
large enough number of specimens are used, but they also confirm the wide 
variability in this metabolic function from specimen to specimen. In this 
report we are interested primarily in the effect of the added estradiol; thus 
specimens from all phases of the menstrual cycle will be considered to- 
gether. 


2 We are indebted to Dr. A. T. Hertig and Dr. D. G. McKay for these examinations. 
The specimens were obtained through the cooperation of the staffs of the Free Hos- 
pital for Women and the Boston Lying-in Hospital. 
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Endometrium was incubated in the presence of glucose alone, glucose 
plus pyruvate, pyruvate alone, or a-ketoglutarate alone, 4nd in glucose or 
pyruvate in the presence of iodoacetic acid. Table I gives a comparison 
of the mean values obtained when endometrium was incubated without 


TABLE [| 


Effect of Substrate on Endometrial Metabolism in Vitro 


Glucose + 


Substrate Glucose en Pyruvate ones. — indoacetie 
(1) (2) (3) (4) (5) (6) 
Qos 2.3 2.4 ae | 3.5 2.3 0.7 
0.1 (26)|+0.1 (26) |\40.1 (18) 0.1 (10) +0.1 (10) +0.05(12) 
Glycogen uti- | 5.8 an | 4.0 | 4.6 | 5.6 | 8.7 
lization 0.8 (26) | +2.0 (18) $}+0.3 (18) +0.8 (6) |+0.6 (10) +2.2 (12) 
Glucose _uti- | 16 15 | 4.2 
lization i+1 (28) |+2 (26) | +1 (8) 
Pyruvate uti- 19 | 21 | 12 
lization +2 (22) (+2 (18) +1 (12) 
a-Ketogluta- | | 14 
rate utiliza- | ‘+3 (10) 
tion 
Lactate pro- | 41 36 16 | 14 16 13 
duction i+2 (30) |42 (26) j41 (18) [+1 (10) 41 (10) ‘+1 (12) 
Glucose oxida-| 0.27. | 0.18 | | 0.07 
tion 0.03 (12) +0.04 (7) | | +£0.04 (10) 
Pyruvate oxi- | 2.1 1.6 0.29 
dation | 40.3 (11) |+0.1 (14), '+0.04 (12) 
COz from glu- | 3.3 |e 2 | 0.9 
cose, % \+0.3 (12) 0.3 (7) +0.1 (10) 
CO: from pyru-| 12 15 | 1 Yj 
vate, % | +1 (11) (+2 (14) 





+0.3 (12) 


The values are given as the mean + the standard error of the mean, expressed as 
micromoles per hour per gm. wet weight of tissue (except Qo, and per cent COs 
from substrate). The number of determinations is given in parentheses. 

*0.5 X 1075 mM iodoacetic acid. 

+ 1.0 X 1073 o iodoacetie acid. 

t In some of these experiments there was a net synthesis of glycogen. 


hormone additions. The results obtained on incubation of the tissue in 
glucose alone (Column 1) or pyruvate alone (Column 3), or in a mixture of 
these substrates (Column 2), are similar, with the following exceptions: 
(1) the rate of glycogen disappearance is considerably reduced when both 
substrates are present, and (2) the rate of lactic acid production is reduced 
by more than half when glucose is absent from the medium. Incubation 
in a-ketoglutarate (Column 4) led to a significantly higher rate of oxygen 
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consumption, while the amount of lactic acid produced was similar to that 
obtained on incubation in pyruvate. 

Iodoacetic acid was added to the incubation medium in some experi- 
ments in an attempt to dissociate, at least partially, glycolysis and aerobic 
metabolism, even though it is well known that this inhibitor acts to a 
greater or lesser extent on many of the enzyme systems involved in inter- 
mediary metabolism (14). When glucose was the substrate (Column 5) 
the attempt was moderately successful, for glucose uptake was reduced to 
about one-fourth of the control value and lactic acid production was re- 
duced to less than 40 per cent of the control value. The amount of glucose 
carbon oxidized to carbon dioxide and the fraction of the total respiratory 
carbon dioxide derived from glucose were reduced in proportion to the fall 
in glucose uptake. However, glycogen utilization was not affected. With 
pyruvic acid as the sole exogenous substrate (Column 6), iodoacetate low- 
ered the oxygen consumption of the tissue and reduced the amount of 
pyruvate utilized, with a corresponding decrease in both the amount of 
pyruvate carbon oxidized to carbon dioxide and the fraction of respiratory 
carbon dioxide derived from pyruvate. The increased glycogen utilization 
under these circumstances is the result of a somewhat higher initial glyco- 
gen content of the tissues used and is not statistically significant. A few 
experiments, in which iodoacetate was added to an incubation medium 
containing both glucose and pyruvate, gave results parallel to those in 
which glucose alone was the substrate. 

Table II shows the effect of adding estradiol to the incubation medium 
just before introducing the tissue slices. A satisfactory method of adding 
this rather insoluble compound was to grind it with water in a hand homog- 
enizer. Suitable aliquots of the resulting moderately stable suspension 
were pipetted into vessels to give a final concentration of 4 X 10-® m.* 

It is clear from the data that estradiol caused a significant increase in 
the oxygen consumption of the tissue when it was incubated either in 
glucose alone (Column 1, 13 per cent increase), in glucose plus pyruvate 
(Column 2, 12 per cent increase), or in pyruvate alone (Column 3, 15 per 
cent increase). With glucose as a substrate, there was a 15 per cent de- 
crease in lactic acid production and a 15 per cent increase in the fraction 
of the respired carbon dioxide derived from glucose. In pyruvate alone, 
in addition to the elevated oxygen consumption, there was a 33 per cent 
increase in the fraction of carbon dioxide derived from the substrate. In 
a mixture of these two substrates, the addition of estradiol increased the 
amount of glucose carbon metabolized to carbon dioxide 83 per cent, and 
again there was a moderate increase in the fraction of carbon dioxide com- 
ing from glucose. Although some of the estradiol-induced changes in 


3 Crystalline estradiol-17-8 was generously provided by the Schering Corporation. 
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amount of substrate oxidized and fraction of total carbon dioxide derived 
from the substrate do not quite reach statistical significance at the P 
<0.01 level, they are all in the direction of increased substrate oxidation. 


TaBLeE II 
Effect of Estradiol on Endometrial Metabolism 





Substrate Glucose ear. Pyruvate al Frwane s Totoaetic Todouetic 
(1) (2) (3) (4) (5) ©) 
Qos | 2.6 2.7 3.1 | 3.4 | 2.2 | 0.9 
+0. 1f (26), +0.1f (26) +0.1$ (18) +0.1 (10)|+0.1 (10) as " (12) 
Glycogen 5.0 | 0.8 3.4 Laer 5.2 : 
utilization +0.8 (26) ‘42.0 (18) |40.3 (18) |40.8 (6) |+0.6 (10) a2 2 (12) 
Glucose uti-| 15 14 4.2 
lization j+1 (28) j+2 (26) | | +1 (8) 
Pyruvate | | 18 | 22 | Lie 
utilization, \+2 (22) +2 (18) | +1 (12) 
a-Ketoglu- | | | 20 
tarate uti- ‘+3 (10) 
lization | | 
Lactate pro-| 35 | 38 | 16 | 14 | 12 12 
duction 4+2t (80) +42 (26) +1 (18) (‘+1 (10) ‘41f (10) (+1 (12) 
Glucose oxi-| 0.27 0.33 0.03 
dation +0.03 (12) +0.04f (7) +0.04 (10) 
Pyruvate | 2.1 1.8 0.37 
oxidation | \+0.3 (11) +0.1 (14) +0.04 (12) 
CO. from | 3.8 | 2.2 | 0.6 
glucose, %'+0.3 (12) 40.3 (7) | | +0.1 (10) 
CO. from 15 | 20 | 2.3 
pyruvate, +1 (11) |+2$ (14) | | 40.3 (12) 
% | | 


| | 


The values 2 are given as the mean + the sanded error of the mean, expreseedl as 
micromoles per hour per gm. wet weight of tissue (except Qo, and per cent CO» 
from substrate), and were obtained in the presence of 4 X 10-* m estradiol. The 
number of determinations is given in parentheses. 

*0.5 X 107% m iodoacetic acid. 

+ 1.0 X 107 mM iodoacetic acid. 

¢ These values are significantly different (P <0.01 from an analysis of variance) 
from the corresponding figures obtained in the absence of estradiol (Table I). 


These data suggest that estradiol redirects the metabolic activity of endo- 
metrium toward more complete oxidation of carbohydrate without change 
in the total amount metabolized. The addition of comparable amounts of 
progesterone to endometrium incubated in vitro produced no detectable 
change in any of the metabolic functions tested. 

When the tissue was incubated in a-ketoglutarate (Column 4), estradiol 
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did not increase the oxygen consumption, although substrate utilization 
was moderately increased. It may be that with this substrate the oxida- 
tive enzymes are functioning at near maximal capacity so that estradiol 
could not produce a further stimulation. 

In the presence of iodoacetate, estradiol did not markedly alter the 
metabolism of the tissue when glucose was the substrate (Column 5). In 
contrast, similar experiments with pyruvate (Column 6) show that estra- 
diol increased the iodoacetate-inhibited oxygen consumption of the tissue 
28 per cent. Furthermore, there was an appreciable increase in the frac- 
tion of respiratory carbon dioxide derived from pyruvate and an increase 
in the total amount of pyruvate carbon oxidized. 

The absence of an estradiol effect when glucose is the substrate in the 
presence of iodoacetate and the demonstration of an effect when pyruvate 
is the substrate in the presence of iodoacetate, together with the results 
obtained without iodoacetate, indicate that estradiol has exerted an influ- 
ence in these experiments in vitro on one of the enzyme systems of the 
Krebs tricarboxylic acid cycle. 

Although the experiments of Guidry, Segaloff, and Altschul (9) involved 
homogenates of tissues other than endometrium, and despite the fact that 
they observed an estradiol-induced inhibition of respiraton under their 
conditions, it may be pertinent that they deduced the inhibition to be on 
some dehydrogenase linked to diphosphopyridine nucleotide or triphospho- 
pyridine nucleotide. Gordan and Elliott (15) suggested a similar site of 
action for the stilbestrol- and 11-desoxycorticosterone-induced inhibition of 
rat brain homogenates. Thus the evidence available at this time points 
toward a common denominator in the Krebs cycle for the action of estro- 
gens on metabolic systems. 


SUMMARY 


1. Estradiol increases the oxygen consumption of human endometrium 
in vitro and shifts the metabolism of glucose and pyruvic acid toward more 
complete oxidation. 

2. The data are consonant with the hypothesis that estradiol exerts this 
effect in vitro at some point in the Krebs tricarboxylic acid cycle. 
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CHEMICAL TRANSFORMATIONS OF STEROIDS BY ADRENAL 
PERFUSION 


II. 11-DESOXYCORTICOSTERONE AND 17-HYDROXY- 
11-DESOXYCORTICOSTERON E* 


By HAROLD LEVY, ROGER W. JEANLOZ,+ CHARLES W. MARSHALL, t 
ROBERT P. JACOBSEN, OSCAR HECHTER, VICTOR SCHENKER, 
AND GREGORY PINCUS 
WirH THE ASSISTANCE OF IRVING E. WASHBURN, ORVILLE G. RopGers, Paut J. 
Ma.oney, Evia ScuLiy, AND SELMA JOHNSON 


(From the Worcester Foundation for Experimental Biology, Shrewsbury, Massachusetts) 
(Received for publication, October 21, 1952) 


It was observed by Hechter e# al. (1, 2), who perfused isolated beef and 
sheep adrenal glands with homologous citrated blood, that a perfusion of 
blood or plasma containing added 11-desoxycorticosterone (DOC), Ia (Fig. 
1), without the addition of adrenocorticotropic hormone, led to an extract 
which had glycogeniec activity. Neither perfusion of the gland in the ab- 
sence of DOC nor the circulation of blood containing added DOC through 
the perfusion apparatus, in the absence of the gland, led to significant 
activity. 

This enhancement of glycogenic activity suggested that the DOC was 
converted into a compound (or compounds) containing an oxygen function 
at carbon 11, for it is known that such compounds, e.g. corticosterone, II, 
have high activity, while DOC is only slightly active. This paper de- 
scribes in detail the isolation and identification of the active constituent, 
of which preliminary reports have been made (3). Paper I of this series 
reviewed the development of the methods of adrenal perfusion (4). 

For the purpose of isolation, large volumes of perfusate had to be han- 
dled, and the immediate task was to devise a rapid, efficient method of 
extracting the steroids. Since the known, glycogenically active adrenal 
corticoids all have an a-ketol side chain, viz. corticosterone, and thus evolve 
formaldehyde when oxidized by periodic acid, the concentration of the 
transformation products was followed by such a quantitative determination 
of formaldehyde (5). 

Hechter obtained extracts either by directly shaking the blood with 


* This investigation was supported by a grant from G. D. Searle and Company, 
Chicago, Illinois. 

+ Present address, Research Laboratory of the Medical Clinic, Massachusetts 
General Hospital, Boston, Massachusetts. 

¢ Present address, Research Laboratories, G. D. Searle and Company, Chicago 80, 
Illinois. 
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chloroform or by dialyzing the blood and subsequently extracting the 


dialysate with this solvent. Of the two methods, the former had the dis- | 


advantage of leading to troublesome emulsions, which were virtually absent 
in the latter. Since dialysis was, in addition, a fractionation process and 
thus an aid in isolation, it was the method chosen. Studies were initiated 
with the high capacity, continuous dialyzer devised by Skeggs and Leon- 
ards (6), because ordinary dialysis tubes were considered impractical for 
large volumes. 

This apparatus was found to remove formaldehydogenic sub: nes (F. 
S.) in about a third the time required by tubing, but, in order to achieve 
this, the ratio of dialysate to perfusate became too high (27:1) for conven- 
ient manipulation. It was found possible with ordinary dialysis tubes, 
however, to satisfy the requirements of fairly rapid transfer of F. S. into 
small volumes of dialysate simply by having some activated carbon (Darco 
G-60) suspended in the latter during the dialysis. The carbon rapidly 
adsorbed almost all the chloroform-extractable solute, and this undoubt- 
edly accelerated the transfer through the membrane. 

The adsorbed material was readily eluted from the carbon by subse- 
quent treatment with such solvents as acetone, benzene, and methylene 
chloride. This modified technique, when compared with the standard, 
required less than one-half the time and one-fortieth the volume of di- 
alysate to transfer a given amount of F.S. For example, in one experi- 
ment plasma containing DOC (100 mg. per liter) was perfused and 1500 
ml. of the perfusate dialyzed against 500 ml. of citrated saline, in which 
1.5 gm. of carbon were suspended, for 23 days. By separating the carbon 
from the dialysate (700 ml.) and eluting with acetone and benzene, a resi- 
due was obtained which was found to have 77 mg. of F. S., calculated as 
DOC equivalents. Without the carbon, the same volume of perfusate was 
dialyzed against 30 liters of citrated saline for about 6 days to obtain ap- 
proximately the same F. 8. in the chloroform-extractable portion of the 
dialysate. In a representative instance of rapid flow Skeggs dialysis, 
slightly less F. S. was transferred to about 40 liters of dialysate in about 
13 hours. 

The isolation was further simplified by eliminating the dialysis step and, 
instead, adsorbing the steroids on the activated carbon directly from the 
perfusate. If the latter contained blood cells, these were first hemolyzed 
by freezing and remelting the blood, since it was assumed (later corrobo- 
rated) that some steroid would be associated with the cells. The adsorp- 
tion was rapid (30 minutes stirring) and the bulk of the F. S. which was 
adsorbed and readily eluted was obtained in the first of successive portions 


of carbon. This direct adsorption on carbon was the general technique | 


adopted for these studies. It has several advantages when compared with 
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the other techniques of chloroform extraction or dialysis. It is not limited 
in seale of operations, being readily applicable to ml. or gallons of solution. 
No other technical problems, such as emulsions, are encountered. By em- 
ploying a single large portion of carbon, the procedure has since been made 
not only rapid but also, in general, just as efficient as either of the other 
methods in vhe percentage of steroids recovered. A possible disadvantage 
to ths + -hi.que is that the carbon may convert an adsorbed steroid into 
an areite!% Further work has since indicated this possibility to be present 
for some steroids; evidence to demonstrate this conversion unequivocally 
is now being gathered. 

Grollman (7) employed charcoal to adsorb adrenal cortical hormones 
from aqueous solutions of cortical extracts, but stated that, although these 
hormones could be subsequently eluted, the resulting solution did not lend 
itself to chemical fractionation as well as material obtained by solvent ex- 
traction. No data were given. 

In attempting to purify further the material eluted from the carbon in 
the present research, two principles were emphasized: (1) employment of 
chromatography, rather than partition, of the unesterified steroids to dis- 
criminate among very similar compounds; (2) avoidance of chemical reac- 
tions which may destroy sensitive compounds and produce artifacts. It is 


| known that the a-ketols are sensitive to base and acid and that the 118- 


and 17e-hydroxyls are sensitive to acid. The classical methods for the 
isolation and separation of the steroid constituents of the adrenal cortex 
have employed extensive solvent partitions, separation into ketonic and 
non-ketonic (or inert ketonic) compounds with Girard’s Reagent T, acet- 
ylation, chromatography of the mixture of acetates on alumina, and, finally, 
mild alkaline hydrolysis of the individual acetates (8). The application of 
the above two principles meant the omission of such steps as forming the 
Reagent T hydrazones or the acetates. The resulting drawback was that 
the alumina chromatography introduced by the Reichstein group for cor- 
ticoids could be applied to their esters but not to the free ketols, since the 
latter are largely decomposed by the alumina. The problem of finding an 
adsorbent which could be used for the unesterified corticoids was readily 
solved by silica gel. Such compounds as DOC can be adsorbed on the gel 
and readily eluted without any perceptible destruction. When the extract 
from the activated carbon of the above experiment was subjected to direct 
chromatography on silica gel, fractionation was accomplished and from the 
eluates it was possible to crystallize not only unchanged DOC but also 
corticosterone, m.p. 178-180.5°, [a]%° +227°. The identity of the latter 
was established by mixed melting points of the free compound and its 
acetate, m.p. 150.5-152.5°, with the respective, known compounds; these 
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were not depressed. No other corticoid in the DOC perfusate has been 
identified as yet. This result was obtained whether plasma, 50 per cent 
blood, or whole blood was used as the medium. Further, in other perfu- 
sions of DOC (2), the crude extracts obtained from the Darco were assayed 
for glycogenic activity and the activity observed was accountable by the 
corticosterone subsequently isolated (crystals plus F. S. in the residual 
syrup from mother liquor). It is probable, therefore, that corticosterone 
is the chief, if not the only, glycogenically active compound into which 
DOC is transformed by perfusion through an isolated beef adrenal gland. 

This method of isolating steroids from perfusates, adsorption on acti- 
vated carbon, elution by organic solvents, and direct chromatography on 
silica gel, is not only simple but general, for it has since been applied to a 
wide variety of steroids. It may be pointed out that this is the first time 
that adsorption on carbon has been used to isolate steroids from blood and 
that this silica gel chromatography is the first to be applied successfully to 
such compounds having an 118-hydroxyl group and an unesterified a-ketol 
side chain. As described below, such steroids as 17-hydroxycorticosterone, 
which have the labile 17a-hydroxyl group, could also be chromatographed 
on this adsorbent. 

The method is an efficient one, as shown by recovery experiments. DOC 
added to 50 per cent blood to a concentration of 100 mg. per liter could be 
recovered to the extent of 72 per cent as the crystalline solid. An addi- 
tional 6 per cent still remained in the mother liquor, as indicated by F. 8. 
determination. When this was repeated with plasma, 71 per cent of the 
added DOC was crystallized and an additional 13 per cent determined as 
F.S. 

Control experiments were made to establish that the conversion of DOC 
to corticosterone does not occur to any appreciable extent in the absence 
of DOC or the gland. In one experiment, whole blood containing DOC 
was circulated through the perfusion apparatus containing no gland. By 
employing the general method of isolation, it was possible to crystallize 
DOC but not corticosterone from the silica gel eluates. Further, the small 
amount of syrup eluted in the corticosterone range contained only a trace 
of F. S. (about 2 per cent of the DOC input), a large part, if not all, of 
which is undoubtedly due to corticoids and other formaldehydogenic sub- 
stances already present in blood alone. 

In another control, plasma containing no DOC was perfused through the 
gland. No crystalline DOC or corticosterone could be isolated from the 
perfusate. Further, the syrups eluted in the DOC-corticosterone range of 
the chromatogram contained a maximum of only 0.7 mg. of F. S. per liter 
of perfusate. This amount of F. S. can arise, within the experimental 
error of the determination, merely from steroids and other formaldehydo- 
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genic substances already present in plasma or extracted by it from the 
gland. 

When desoxycorticosterone 21l-acetate, Ib, in plasma was perfused 
through the gland, it too was converted into corticosterone, though to a 
lesser extent than DOC itself. Crystalline Ia and II, but not their ace- 
tates, were isolated from the perfusate. It is quite probable that Ib was 
hydrolyzed to the free compound in the gland, as a necessary preliminary, 
before the hydroxylation step, although this has yet to be demonstrated 
unequivocally. 

The perfusion studies were extended to include 17-hydroxy-11-desoxy- 
corticosterone, IIIa, and its 21-acetate, IIIb. The media were, for the 
former, a mixture of 1 volume of hemolyzed blood! and 10 volumes of a 
solution of sodium chloride (0.8 per cent) and hydrated sodium citrate 
(0.45 per cent) and, for the latter, plasma. The perfusates were treated 
by the general method of isolation. Again, 11-hydroxylation occurred to 
produce, in each instance, 17-hydroxycorticosterone, IV, as the sole iden- 
tifiable transformation product. Unoxidized IIIa was also isolated. The 
behavior of the acetate paralleled that of DOC acetate in that the starting 
material and the hydroxylated product could be isolated from the perfusate 
only as the unacetylated compounds. 

The 17-hydroxycorticosterone, m.p. 218.5-221°, [a]? +160.0°, obtained 
from the perfusion of IIIa, was conclusively identified by elementary anal- 
ysis, comparison by mixed melting point and infra-red absorption spectrum 
with an authentic sample, and conversion to its 21-acetate, m.p. 221—223°. 

In one perfusion of IIIa, a very small amount of a compound, m.p. 201- 
202°, was obtained. It is more polar than IV, being eluted from silica gel 
in a much later fraction, and reacts with concentrated sulfuric acid to form 
an intense cherry-red color. Its identity has not been established, nor is 
it known whether it arises from IITa. 


EXPERIMENTAL? 
Perfusion of Plasma Containing Desoxycorticosterone, Ta 


Isolation via Dialysis—A solution of 200 mg. of DOC in 5 ml. of propy- 
lene glycol was added to bovine plasma and the mixture, 2000 ml., perfused 


1 Whole bovine blood (85 volumes) was diluted with 15 volumes of a solution of 
hydrated sodium citrate (0.206 per cent), citric acid (0.78 per cent), and glucose 
(5.0 per cent). Then 100,000 units of penicillin G and 500 mg. of streptomycin were 
added to each liter of this mixture. Hemolysis was effected by freezing, and the 
remelted blood was diluted as described above. 

2 The perfusions mentioned in this paper are described only in broad outline since 
the techniques are fully detailed in Paper I of this series (4). All melting points 
were made with samples placed between cover-slips on a heated stage, unless stated 
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via the aorta through two intact, bovine adrenal glands placed in parallel. 
The plasma was circulated through the glands once, with pulsatile flow, 
over a period of 48 minutes. The entire apparatus was kept at 38°. 
1500 ml. of the perfusate were dialyzed with shaking for 23 days at about 
5° against 500 ml. of citrated saline solution in which 1.5 gm. of activated 
carbon (Darco G-60) were suspended.’ (The citrated saline contained 0.8 
per cent sodium chloride and 0.45 per cent hydrated sodium citrate.) The 
dialysate (700 ml.) was filtered and the filtrate extracted with chloroform 
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to obtain 5.5 mg. of yellow syrup, which was not examined further. The 
Darco was then leached with 5 X 50 ml. of acetone by stirring each time 
at room temperature for 2 minutes and then filtering. The combined ex- 
tract was concentrated at reduced pressure and the residue, consisting of 





otherwise. The infra-red spectra were generously made and interpreted at the 
Sloan-Kettering Institute for Cancer Research under the direction of the late Dr. 
Konrad Dobriner. The microanalyses were made by Dr. G. Weiler and Dr. F. B. 
Strauss, Oxford, England. 

3 The Darco had been successively treated with boiling 1.5 N hydrochloric acid, 
0.1 per cent potassium cyanide at 60-70°, and hot water in order to diminish any 
oxidizing properties of the carbon. This was later found to be unnecessary and the 
Darco was then used without any further pretreatment. 
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crystals, syrup, and water, was extracted into chloroform. The aqueous 
layer was dried to a residual yellow syrup, 4.5 mg., which was not examined 
further. The chloroform extract was concentrated at reduced pressure to 
a residue of 83 mg. of syrup and crystals (Extract 1). This was found to 
contain 61 mg. of F. S. calculated as DOC equivalents. The method of 
F. S. determination was that of Daughaday et al. (5), with some modifica- 
tion. 

The Darco was then extracted further with benzene and hexane, as shown 
in Table I. 

Extract 1, 83 mg., was dissolved in 25 ml. of benzene and chromato- 
graphed on a column (8 mm. inside diameter X 18.5 cm.) of 5 gm. of silica 


TABLE I 
Extraction of Darco with Benzene and Hexane 

















— | Solvent | Volume Treatment aan | Description 
| ee a 
| | ml. | meg. 
2 | Benzene | 50 | 2 min. stirring at room | 10 | Yellow solid 
| | | temperature | | 
3 | Hexane | 50 | 2 min. stirring at room | 2.5 | ‘* syrup + solid 
| temperature | | 
4 | Benzene | Continuous extraction | 17 | = “ Ae 
| | (Soxhlet) for lL hr. | 
5 Continuous extraction | 12 - S ohraee 
(Soxhlet) for 23 hrs. | | 
6 | * Continuous extraction | 2 a ie 


| 
| (Soxhlet) for 3 hrs. 





gel.4 Development and elution were made with mixtures of benzene and 
ethyl acetate, 15 ml. portions being employed for the most part. This is 
outlined in Table IT. 

The residual syrup, 30.5 mg., from Fractions 19 and 20, was ccnnatel by 
trituration with neohexane into a crystalline solid, m.p. 134-140°. Re- 
crystallization from ether raised its melting point to 140-142°. Its mix- 
ture with authentic DOC, m. p. 138.5-140.5°, melted at 138-140°. 

The crystalline residue, 21 mg., m.p. 173°, of Fractions 23 and 24 was 
recrystallized from ethyl acetate-neohexane to obtain 11.5 mg. of needles, 
m.p. 170-174.5°, and 2.5 mg., m.p. 168-178°. These solids produced an 
intense green fluorescence when treated with concentrated sulfuric acid. 
The mixture of the first crop with authentic corticosterone, m.p. 178—182°, 
had a melting point of 171-179°. 


‘ Silica gel, grade T-200; The Davison Chemical Corporation, Baltimore 3, Mary- 
land. This has now been replaced by grade 923, 100 to 200 mesh. 
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Extracts 2 to 6 of the Darco adsorbate were similarly chromatographed 
on silica gel. Desoxycorticosterone, 4 mg., m.p. 139-140°, was crystallized 
from the residues of the benzene-ethyl acetate, 2:1, eluates and corticos- 
terone, 6 mg., m.p. 168-177°, from the 1:1 and 1:2 eluates. 


Isolation by Direct Addition of Activated Carbon to Perfusate 


50 per cent bovine blood,® containing 100 mg. of DOC per liter, was 
perfused as above through a single bovine adrenal gland. The perfusate, 
5200 ml., was frozen to hemolyze the cells, remelted, and then stirred at 
about 15° for 30 minutes with 26 gm. of untreated Darco G-60. The mix- 
ture was allowed to settle overnight (about 16 hours), the supernatant 
liquid decanted, and the decanted solution treated as above with 13 gm. 


TaB_eE IT 
Chromatogram of Extract 1 on Silica Gel 





a Solvent Residue Description 
mg. 

1 Benzene | 7 | Colorless oil 

2-18 | Benzene-ethyl acetate 51:1-5:1 7 ~| Slightly yellow syrup 
19, 20 | es he | 30.5 | Nearly colorless “ 
21,22 es ec Eel | 2.5 | Slightly yellow “ 
23, 24 | «“ “4:9 | 21 | Needles, m.p. 173° 
25, 26 | ce ee ASS 5.5 | Crystalline solid + syrup 
27-35 | ee «© 1:4-1:30 ee. Syrup 

36-39 Ethyl acetate-acetone 1:1 to acetone | 1.5 2 

40 Methanol | 6 cs 


of carbon. The combined charcoals were filtered and washed with saline. 
The moist cake was washed with acetone, dried in the air at room tempera- 
ture, and then leached continuously with methylene chloride in a Soxhlet 
apparatus for about 16 hours. The latter extract was concentrated to a 
residual syrup, 248 mg. This was dissolved in 30 ml. of benzene and the 
solution chromatographed through 17 gm. of silica gel (12 mm. inside 
diameter X 27 cm.). 

Elution with 2:1 and 1:1 mixtures of benzene and ethyl acetate yielded 
80 mg. of a mixture of crystalline solid and syrup. This produced, by 
crystallization from a solution in ethyl acetate and neohexane, 33.5 mg. of 
DOC, m.p. 138-140°. Rechromatography of the residue of the mother 
liquor and crystallization of the 32 mg. of syrup, eluted by a 2.5:1 and a 


5 §0 per cent blood was prepared by diluting 1 volume of citrated whole blood with 
1 volume of plasma. 
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2:1 mixture of benzene and ethyl acetate, yielded 9 mg. of DOC, m.p. 
135-139°. 

Elution with 1:2 and 1:3 mixtures of benzene and ethyl acetate yielded 
67 mg. of a mixture of crystalline solid and syrup, which was crystallized 
from ethyl acetate-neohexane to obtain 29 mg. of corticosterone as needles 
and blades, m.p. 172-175°. The mother liquor yielded additional solid, 
16 mg., m.p. 163-170°. These solids were purified by crystallizations from 
ethyl acetate-neohexane or ethyl acetate alone. The solvent mixture de- 
posited needles, m.p. 169.5-170°, and knives, m.p. 175-177°, while ethyl 
acetate alone yielded prisms, m.p. 178-179.5°, which were of the form de- 
scribed by Reichstein (9). The melting point is dependent not only on 
crystal form but also on the degree of subdivision, for the prisms, when 
crushed, melted at 168-170°. When melted in capillary tubes, chips of the 
prisms melted at 178-180.5°, corrected, and the crushed crystals at 173.3- 
180°, corrected. Authentic corticosterone (Upjohn) showed a similar be- 
havior, as outlined in Table ITI. 

The rotation of the prisms, [a]? +227° + 4° (c, 0.240, ethanol), agreed 
well with the reported value, [a]}® +223° + 3° (9). 

The perfusion corticosterone (11 mg.) was converted into its 21-mono- 
acetate by reaction with acetic anhydride (0.025 ml.) and pyridine (0.066 
ml.) at room temperature for 16 hours. The mixture was then diluted 
with ether and the solution washed in the usual manner with 1.5 n hydro- 
chloric acid, saturated sodium bicarbonate, and water. The residue of 
the neutral fraction was crystallized from ethyl acetate-neohexane and 
the acetate, 9.5 mg. of needles and blades, m.p. 150.5-152.5°, corrected 
(capillary tube), compared with authentic corticosterone 21-acetate, m.p. 
151.5-152.5°, corrected (tube), prepared in the same manner. The mixture 
melted at 150.5-152.5°, corrected. Reichstein (9) reported 152.5-153° for 
the acetate. 


Controls of Perfusion Transformation 


Circulation of DOC without Gland—Citrated whole bovine blood (2 liters) 
containing 201.3 mg. of DOC in 5 ml. of propylene glycol was circulated 
through the perfusion apparatus for 2 hours. No adrenal gland was in- 
cluded. The perfusate was frozen in a bath of solid carbon dioxide-ace- 
tone and remelted. It was then stirred for 1 hour with 35 gm. of untreated 
Darco G-60 while it was cooled in an ice bath. Another portion of 35 gm. 
of Dareo was added and the stirring continued for another hour. 

The mixture was centrifuged and the supernatant fluid discarded. The 
Darco was washed three times, each with 2.4 liters of water, centrifuged, 
and the wash discarded each time. It was then suspended in a fourth 





442 ADRENAL PERFUSION. II 


portion of wash and collected by suction filtration on a pad of about 5 
gm. of fresh Darco as a filter aid. The filtrate was discarded. bl 

The filter cake was then washed on the filter with about 300 ml. of ace- | ™ 
tone. This wash was concentrated in vacuo to removal of the acetone, fl 
and the residual aqueous concentrate extracted with 4 equal volumes of 
methylene chloride. This extract was concentrated at atmospheric pres- 
sure and in vacuo to a residual amber syrup, 14.4 mg., which contained no q 
F.S. . 

The acetone-washed Darco was air-dried at room temperature for about = 


co 
bo 





16 hours. It was then put through a sieve (20 mesh) and the powder | Di 
leached continuously with methylene chloride for 88 hours in a Soxhlet ss 
apparatus. The extract led to a residue of 458.7 mg. of amber syrup and | *" 
solid. The bulk of this mixture, 363.3 mg., was obtained within 18.5 hours 18 
of extraction. The F. S. of this extract was not determined. Further | 7! 
sh 
Tase III as 
Melting Point Behavior of Corticosterone ne 
a 
! ] 

| Perfusion corticosterone | Authentic corticosterone Mixture th 

| Chips | Powder Chips | Powder Powder 
| cok | a —s ‘ m: 
| <. | ae C. | °C. °C. th 
Ths )  :—  e | 178-179.5 | 168 -170 | 178 -182 | 168-169 | 170.5-173 et] 
Capillary tube, corrected..| 178-180.5 | 173.3-180 | 176.5-181 173-179 | 173 -181 F 
ella ela hela arp ak 


continuous extraction with benzene for 30 hours led to 31.9 mg. of amber dt 
syrup, which contained no F. 8. 

The syrup-solid mixture, 458.7 mg., extracted by methylene chloride was ad 
dissolved in 10 ml. of benzene and the solution chromatographed through ab 
28 gm. of silica gel. This adsorbent had been purified by continuous ex- 
traction with hot methanol and then dried at 120° at atmospheric pressure. | ®° 
Its activity is somewhat less than that of untreated silica gel. 

Elution with 5:1, 4:1, and 3:1 mixtures of benzene in ethyl acetate de 
yielded 198 mg. of syrup, from which 128.9 mg. (64 per cent) of DOC, m.p. sti 
140.5-144.5°, could be crystallized from ethyl acetate-neohexane. This | ™ 


did not depress the melting point of authentic DOC. The syrup from the 
mother liquor was found to have 31 mg. (15 per cent) of F. S. 

Elution with 1:1 and 1:2 mixtures of benzene and ethyl acetate, which 
would have removed any corticosterone, yielded 23.2 mg. of syrup, from 
which nothing could be crystallized. It contained only 4 mg. (2 per cent) m) 
of F.S. A large part of this F. S. value, if not all, is undoubtedly due | ® 

We 


to corticoids and other formaldehydogenic substances already present in 
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blood. Further, this syrup produced only a trace of green fluorescence 
with concentrated sulfuric acid, indicating that corticosterone or other 
fluorescence-producing compounds were present only in trace quantities. 

Perfusion of Gland with Plasma Containing No Added DOC—Plasma 
containing no added DOC was perfused via the aorta through an intact 
bovine adrenal gland (13.0 gm.) for one cycle in 333 minutes. Sodium 
fluoride (2 gm.) was added to the perfusate (3.94 liters) to retard bacterial 
action. Then, adsorption on two portions (20 and 10 gm.) of untreated 
Darco G-60 was effected at room temperature in the usual manner. The 
combined charcoal was washed with saline, then acetone to remove water, 
and finally extracted continuously by methylene chloride. The extract, 
183 mg., was chromatographed on 10 gm. of silica gel. Elution with 3:1, 
2:1, 1:1, and 1:2 mixtures of benzene and ether and ether alone, which 
should remove DOC, yielded 36 mg. of syrup, whose F. 8S. amounted to 
1.3 mg. Similarly, elution with 4:1 and 1:4 mixtures of ether and ethyl 
acetate which should remove corticosterone, yielded 30 mg. of syrup con- 
taining 1.6 mg. of F. S. Neither compound could be crystallized from 
these residues. 

When fresh plasma, 2000 ml., was treated with Darco in the usual 
manner and the methylene chloride-extractable syrup chromatographed, 
the eluates obtained by benzene, benzene and ethyl acetate mixtures, and 
ethyl acetate alone yielded a total residue of 47 mg., which contained no 
F.S. It is quite possible that part of the 2.9 mg. of F. 8. obtained in the 
above control perfusion arose from steroids either extracted from or pro- 
duced by the gland during the perfusion. 

It is to be noted that F. S. values of crude extracts obtained by direct 
adsorption from perfusates on carbon include not only corticoids but, prob- 
ably, other non-steroidal materials. For example, in the chromatogram 
of the extract obtained from the above untreated plasma, elution with 
acetone and methanol yielded 27 mg. of syrup which contained 90 mg. of 
F. 8. calculated as DOC equivalents. This can be explained if the formal- 
dehyde-producing substances are of low molecular weight, or, if they are 
steroids or other compounds of similar molecular weight, evolve approxi- 
mately 4 moles of formaldehyde. The former seems more plausible, but 
this was not demonstrated unequivocally. 


Recovery Experiments 
DOC Added to 50 Per Cent Blooda—DOC (50 mg., m.p. 132-139°) in 1.5 
ml. of propylene glycol was added to 500 ml. of 50 per cent bovine blood® 
and the mixture allowed to stand at room temperature for 30 minutes. It 
was then frozen, remelted, and, after the addition of 0.25 gm. of sodium 
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fluoride, stirred 30 minutes at room temperature with 2.5 gm. of pretreated 
Darco G-60.2 The mixture was allowed to stand overnight (16 hours), 
the supernatant liquid decanted, and the treatment with Darco repeated. 
The charcoals were combined, washed with saline by centrifugation, fil- 
tered, and washed on the filter with successive 50 ml. portions of acetone 
and benzene. The combined acetone and benzene wash was concentrated 
in vacuo and the residue of syrup and water extracted into chloroform to 
obtain 19.5 mg. of syrup. Meanwhile, the charcoal was leached continu- 
ously with benzene in a Soxhlet apparatus for 4 hours to obtain 45 mg. of 
syrup. The extracts were combined in benzene and the solution put 
through 4.2 gm. of silica gel. Elution with benzene-ethyl acetate, 3:1 and 
2:1, yielded 46.5 mg. of crystalline solid and syrup, which were crystallized, 
affording 36 mg. (72 per cent) of DOC, m.p. 136-142°. The mother liquor 
contained 3 mg. (6 per cent) of F. S. 

DOC Added to Plasma—DOC (50 mg., m.p. 132-139°) in 1.5 ml. of 
propylene glycol was added to 500 ml. of bovine plasma and the mixture 
allowed to stand 3 hours at room temperature. It was then stirred for 
30 minutes at room temperature with 2.5 gm. of pretreated Darco. The 
charcoal was filtered and washed with saline. Elution with 200 ml. of 
acetone yielded 16.5 mg. of syrup, obtained by concentration in vacuo to 
remove acetone and then extraction of the residual aqueous solution with 
chloroform. Similarly, elution with 100 ml. of benzene yielded 26 mg. of 
syrup. Finally, continuous leaching for 4 hours with benzene in a Soxhlet 
apparatus removed 26 mg. of syrup. The syrups were combined in ben- 
zene and chromatographed on 4.2 gm. of silica gel. Elution with 3:1 and 
2:1 mixtures of benzene and ethyl acetate yielded 46.5 mg. of partly crys- 
talline syrup, which was crystallized to yield 35.5 mg. (71 per cent) of 
DOC, m.p. 136.5-141°. The mother liquor contained 6.5 mg. (13 per 
cent) of F. 8. 


Perfusion of Desoxycorticosterone Acetate, Ib 


DOC acetate, m.p. 154.5-157.5°, in plasma (100 mg. per liter) was per- 
fused for one cycle through two intact bovine adrenal glands, in parallel, 
via arterial entry. The perfusate, 2500 ml., which was collected in 200 
minutes, was treated in the usual manner with 15 and 10 gm. of Darco at 
about 15°. The combined charcoals were filtered and washed with saline, 
then acetone. Continuous leaching of the air-dried carbon for 16 hours 
with methylene chloride led to 193 mg. of syrup. Its solution in benzene- 
petroleum ether (1:1) was chromatographed on 10 gm. of silica gel, develop- 
ment being made with appropriate mixtures of petroleum ether, benzene, 
ether, and ethyl acetate. Elution with 3:1 to 1:4 mixtures of benzene 
and ether yielded 51 mg. of a mixture of crystalline solid and syrup. Crys- 
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tallization of this from a solution in acetone and ether yielded 24 mg. of 
DOC, m.p. 134-136°. Another crystallization raised the melting point to 
139-141°. Its mixture with authentic DOC, m.p. 138-140°, melted at 
139-141°. 

The crystalline residue, 24 mg., obtained from the ether-ethy] acetate, 
4:1 to 1:2, eluates was crystallized from acetone-ether to obtain 6 mg. of 
corticosterone, m.p. 173—-180°, which did not depress the melting point of 
an authentic sample. A second crop, 5 mg., m.p. 168-177°, was also ob- 
tained. 

Neither DOC acetate nor corticosterone 21-monoacetate could be crys- 
tallized from the various eluates. 

Perfusion of 17-Hydroxy-11-desoxycorticosterone, [[Ta—A 1:10 mixture of 
hemolyzed blood in a solution of sodium chloride (0.8 per cent) and hy- 
drated sodium citrate (0.45 per cent),! containing 100 mg. per liter of 17- 
hydroxy-11-desoxycorticosterone, m.p. 204-206.5°, corrected, was perfused 
via venous entry through a bovine adrenal gland, the cortex of which had 
been partially lacerated.® 

The mixture was cycled through the gland about eight times during 90 
minutes. The perfusate, 985 ml., was treated with four portions of Darco 
(3 X 5 gm., 10 gm.) over 4 days at room temperature in the usual manner. 
The methylene chloride extracted 107 mg. of a mixture of crystals and 
syrup. This was warmed with benzene to dissolve the syrup. The insolu- 
ble crystals, later shown to be 17-hydroxycorticosterone (IV), amounted 
to 32.5 mg., m.p. 202-203°. With concentrated sulfuric acid this solid 
produced a solution which was yellow against a white background and in- 
tensely green fluorescent against a black background. 

The mother liquor was chromatographed on 6 gm. of silica gel. Elution 
with 1:1 and 1:2 mixtures of benzene and ethyl acetate yielded 9.5 mg. of 
syrup, which was crystallized from ethyl acetate-neohexane to yield 0.5 
mg., m.p. 183-187°, and 1.5 mg., m.p. 178-183°. This produced an in- 
tense red with concentrated sulfuric acid. The latter solid was further 
crystallized to melt at 194-197°. Its mixture with a known sample of 
IIIa (m.p. 204-206.5°) melted at about 188-191°, which is an equivocal 
result. It probably is impure IIIa, but it was not examined further. 

Elution with 1:2 to 1:4 mixtures of benzene and ethyl acetate yielded 
23.5 mg. of crystals and syrup, which were crystallized from a mixture of 
ethyl acetate and neohexane to obtain additional, somewhat crude 17-hy- 
droxycorticosterone, 6.5 mg., m.p. 190-192°. This produced an intense 
green fluorescence with concentrated H.SO,. Additional, less pure solid, 
1.5 mg., m.p. 184—185°, was secured from the mother liquor. 


® This laceration of the cortex is described in Paper I. 
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Elution with acetone yielded 4.5 mg. of partly crystalline syrup which 
was crystallized from ethyl acetate to obtain a solid, 1.5 mg., m.p. 201- 
202°. This produced an intense cherry-red with concentrated H,SO,. It 
has not been investigated further, as yet. 

A repetition of this perfusion, with a 1:5 mixture of hemolyzed blood in 
a solution of sodium citrate and sodium chloride! as the medium, led to a 
55 per cent yield of crystalline 17-hydroxycorticosterone, m.p. 200-210.5° 
(range of four crops). No starting compound was isolated as a crystalline 
solid. 

The 17-hydroxycorticosterone was purified by crystallization from ethyl] 
acetate and from ethanol to melt at 218.5-221°, intact crystals (210—220°, 
crushed crystals), {a]3° +160.0° + 2° (c, 0.460, ethanol). Reichstein (9) 
reported a melting point of 207-210°, corrected, and [a]?? +167.2° + 2°. 
Mixture with an authentic sample (Upjohn, m.p. 205-215°, crushed) had 
a melting point of 205-215°. 


CH 300;. Calculated, C 69.58, H 8.34; found, C 69.84, H 8.37 


The infra-red absorption spectrum was identical with that of the known 
compound. 

The perfusion 17-hydroxycorticosterone (53 mg.) was converted into ita 
21-monoacetate by reaction with 0.1 ml. of acetic anhydride and 0.3 ml. of 
pyridine at room temperature for 20 hours. After the usual manipulation, 
the neutral portion, 59 mg., was crystallized from ethanol to produce 45 
mg., m.p. 218-221°. Recrystallization from acetone achieved the pure 
compound, m.p. 221-223°, [a]®? +166.3° + 2° (c, 0.319, ethanol). 


C23H3205. Calculated, C 68.29, H 7.98; found, C 68.19, H 7.96 
Reichstein (10) reported 223-225°, corrected. 


Perfusion of 17-Hydroxy-11-desoxycorticosterone 21-Acetate, [IIb 


Plasma containing 66.7 mg. per liter of I1]b, m.p. 236-238°, was perfused 
for one cycle via arterial entry through an unlacerated bovine gland at 
about 3.3 ml. per minute. The perfusate, 2030 ml., was passed through a 
column, 4.5 X 5 em., of Dareo-Hyflo Super-Cel 1:1, which was on a bed 
of granular charcoal (1.5 X 4.5 cm.), and washed with saline and then 
acetone. The charcoal was then leached continuously with methylene 
chloride for 16 hours (Soxhlet apparatus). The residual syrup, 171 mg., 
from the extract was dissolved in benzene and chromatographed on 8.5 
gm. of silica gel. 

Elution with a 1:1 mixture of benzene and ethyl acetate yielded 27 mg. 
of partly crystalline syrup, which was crystallized from ethyl acetate to 
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obtain 17 mg., m.p. 187-200° (range of four crops). This solid, which 
produced a strong red coloration with concentrated H.SO,, was probably 
impure IIIa. In another perfusion of IIIb, a solid, m.p. 194-195°, was 
obtained at the same point in the chromatogram. Its mixture with a 
known sample of IIIa (m.p. 204.5-206.5°) melted at 192.5-193.5°. This is 
probably not a depression. The identity of this compound, however, was 
not unequivocally established. 

Elution with 2:3 and 1:2 mixtures of benzene and ethyl acetate yielded 
7.5 mg. of partly crystalline syrup, which was crystallized from ethyl 
acetate to obtain 2.5 mg., m.p. 206-210°. 

Elution with a 1:3 mixture of benzene and ethyl acetate yielded 2 mg. of 
syrup of which 0.5 mg., m.p. 200-205°, and 0.3 mg., m.p. 197—200°, could 
be crystallized from ethyl acetate. Concentrated sulfuric acid produced 
an intense green fluorescence. The mixture of the former with authentic 
17-hydroxycorticosterone (m.p. 202-205°, crushed) melted at 200-205°. 
Further, its infra-red absorption spectrum was found to be identical in the 
frequency region 800 to 1180 cm.~' with that of the authentic sample. 
The curve of the perfusate product indicated the presence of small amounts 
of unknown contaminants. 


Neither of the acetates of I1Ia and IV could be crystallized from any of 
the eluates. 


DISCUSSION 


The conversion of 11-desoxycorticosterone and 17-hydroxy-11-desoxy- 
corticosterone into the respective 118-hydroxylated compounds by per- 
fusion through an isolated adrenal gland has several important aspects. 

This is the first time that a steroid with no functional group in ring C 
has been transformed into an 11-oxygenated compound. This has also 
since been done by incubation of compounds Ia and IIIa with adrenal 
gland slices, suspensions, or homogenates (11-13), by organic chemical 
methods (14-16) and by microbiological oxidation (17, 18). The tech- 
niques of perfusion, incubation, and microbiological oxidation effect this 
reaction in one step. It is to be emphasized that the oxidation by perfu- 
sion is highly stereospecific, for the dominant product is the one with the 
11-hydroxyl group in the 8 position. This seems also to be true of the 
incubation reaction. The presence of the 1la-hydroxyl and 11-keto com- 
pounds in the perfusates has not been disproved, but, if they are present 
at all, they constitute quantitatively minor metabolites. 

Corticosterone and 17-hydroxycorticosterone have been rare chemicals 
because they have been isolated from porcine and bovine adrenal glands, 
the hitherto major source, only in trace quantities. Biooxygenation by 
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perfusion has greatly increased the availability of these compounds for 
physiological and clinical studies. For example, as cited in the experi- 
mental section, 98 mg. of added 17-hydroxydesoxycorticosterone were con- 
verted into 39 to 55 mg. (40 to 56 per cent) of IV by an eight cycle per- 
fusion through a single bovine gland (15 to 16 gm.). In contrast, only 70 
mg. of IV have been isolated from 11 kilos of hog adrenals (19), which 
constitute a richer source than beef adrenals (8). This is equivalent to 
about 0.1 mg. of IV from 16 gm. of hog adrenals. The precursor, IIIa, 
used in the perfusion has become a relatively common chemical by partial 
synthesis from A®-pregnen-38-ol-20-one, which is obtainable in quantity 
from soy bean sterols (20). In a similar manner, perfusion has augmented 
the supply of corticosterone; this is shown in detail in Paper I of this series 
(4). 17-Hydroxycorticosterone has since been made more available also 
by adrenal incubation and microbiological oxidation, both of IIIa, and by 
partial synthesis from cortisone (21). 

About twenty-nine steroids have been isolated from the cortex of the 
bovine and porcine adrenal gland and the structures of almost all of these, 
including Ia, II, IIIa, and IV, have been determined (22). Many of these 
are quite similar in structure and much speculation has been aroused as to 
the possible chemical pathways of interrelationship among them. No di- 
rect evidence for any of these conjectures has been found until now. The 
results of the adrenal perfusions demonstrate the existence of one pathway; 
i.e., the conversion of a steroid with no oxygen function in ring C into one 
with an 118-hydroxyl group. This conclusion is valid for the perfused, 
isolated adrenal gland, but it is not necessarily so, from the above evidence, 
for the adrenal gland in vivo. The proper experiment for an in vivo system 
has yet to be made. Such an experiment would be a counterpart of that 
done by Nelson, Reich, Samuels, and Zaffaroni (23) in which adrenocortico- 
tropic hormone was injected into a living dog and the blood from the ad- 
renal vein analyzed for steroids. In this case, Ia or IIIa would be in- 
jected and the effluent blood examined for II or IV. There is at least one 
finding in the isolated adrenal perfusion, however, which is of significance, 
and that is the high stereospecificity of the hydroxylation. The 11-hy- 
droxyl group is 8 in both the perfusion products and all such oxygenated 
steroid isolated from the glands. In this respect, the perfusion gland is the 
same as in the in vivo gland. 

The mechanism of the 118-hydroxylation of Ia and IIIa by the perfused 
adrenal gland is unknown. Although some data concerning the require- 
ments of the enzyme system involved have been obtained by incubation 
studies with adrenal tissue in synthetic media (24), there is no information 
at all regarding any intermediate structure assumed by the steroid in its 
conversion to the final, 118-hydroxylated compound. 
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A possible pathway for the steroid, e.g. DOC, to take is that of dehy- 
drogenation to the A°"- or A'-DOC and of subsequent hydration of the 
double bond to corticosterone. This pathway was suggested to many 
investigators in this field by the known enzymatic conversion of succinic 
acid to fumaric acid and of the latter, in turn, to malic acid. This pos- 
sibility is now being tested by perfusing the appropriate unsaturated ster- 
oids. If these do lie on the normal pathway of the oxidative sequence, 
then the rate of formation of the hydroxylated product should be as great 
as, if not greater than, that from the saturated substrate. 


H 
-OH 
INVERSION OF 
CONFIGURATION 
H, 
fe = Ho- 
(-R) 
On 
RETENTION OF 
CONFIGURATION 
H. 


Fic. 2. Possible pathway of 118-hydroxylation 


Hayano, Dorfman, and Yamada (24) have stated that this pathway 
through the olefin is the simplest. It is possible, however, to conceive of 
other, simpler routes, of which one is indicated in Fig. 2. This mechanism 
assumes the removal of a hydrogen atom from carbon 11, producing a 
steroid free radical, followed by the coupling of this radical with a hydroxyl 
free radical to form the hydroxylated steroid. The free radical mechanism 
is simpler and more economical in that it not only postulates fewer struc- 
tural changes in the steroid but also implies that the energy absorbed in 
forming the activated state (here formalized as a free radical) is kept until 
the final, stable, oxidized steroid is achieved. On the other hand, the 
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mechanism which postulates the intermediate formation of an olefin, which 
would be a stable compound compared with the free radical, implies that 
the steroid must pass through two activated intermediates, thus gaining 
and losing energy twice. 

There are other suggestive routes for this oxidation, but they constitute 
at this time no more than speculation, as do the above two. In any event, 
any postulated mechanism should account for the stereospecificity of the 
118-hydroxylation. It may be guessed, for the free radical mechanism, 
that the enzyme, acting as ‘R, attacks the less hindered a side at C-11 to 
form the lla-free radical and that, while the enzyme is shielding the a 
side, the hydroxy] free radical then attacks the C-11 on the 8 side, which is 
now relatively less hindered, to form the 118-hydroxyl bond with inversion 
of configuration of the hydrogen. Or, the enzyme interacts with a side of 
C-11, without breaking the C-1la H bond, thus making the 118-hydrogen 
bond more accessible to attack. The hydroxyl radical then displaces this 
hydrogen with retention of configuration. 


SUMMARY 


Desoxycorticosterone and its acetate have been converted by perfusion 
through an isolated bovine adrenal gland into corticosterone. Similarly, 
17-hydroxy-11-desoxycorticosterone and its 21-acetate have been oxidized 
to 17-hydroxycorticosterone. 

A new method for isolating steroids from blood and plasma has been 
devised. This consists of adsorption on activated carbon and subsequent 
elution by organic solvents. A new method has been devised for frac- 
tionating and crystallizing the free, labile corticosteroids. This consists of 
chromatography on silica gel. 
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CHEMICAL TRANSFORMATIONS OF STEROIDS BY ADRENAL 
PERFUSION 


III. A*t-ANDROSTENE-3, 17-DIONE* 


By ROGER W. JEANLOZ,t HAROLD LEVY, ROBERT P. JACOBSEN, OSCAR 
HECHTER, VICTOR SCHENKER, anp GREGORY PINCUS 


WITH THE ASSISTANCE OF ORVILLE G. RopcErs, Invinc E. WasHBuRN, Evia Scutty, 
AND SELMA JOHNSON 


(From the Worcester Foundation for Experimental Biology, Shrewsbury, Massachusetts) 
(Received for publication, October 21, 1952) 


It has been shown that desoxycorticosterone, 17-hydroxydesoxycorti- 
costerone, and androsterone are converted by perfusion through an isolated 
beef adrenal gland into the corresponding 118-hydroxylated derivatives (1, 
2). It was of interest to undertake a study of the perfusion of a series of 
steroids to learn the extent of this hydroxylation. This paper is a report 
of the results obtained with A*-androstene-3 , 17-dione (I, Fig. 1). 

It is noteworthy that A‘t-androstene-3 ,11,17-trione (adrenosterone), V, 
which is the 11-keto analogue of the 118-hydroxylated derivative of I, has 
been isolated from the adrenal gland (3). Among the possible explana- 
tions for its origin in the gland are (a) the oxidation, with concomitant 
cleavage of the side chain, of C-21 steroids already containing an 11- 
carbonyl group, such as 17-hydroxy-11-dehydrocorticosterone (cortisone) 
or (b) the oxidation of a C-19 steroid, such as I. 

A‘-Androstene-3 ,17-dione, I, was perfused through an isolated bovine 
adrenal gland by the general technique described in Paper I of this series 
(4). In one experiment, 474 mg. of I in plasma were used and one cycle 
was made via the aorta through an unlacerated gland. Steroids were 
isolated by the general technique of adsorption on activated carbon, elution 
from the carbon by organic solvents, and direct chromatography of the 
extract on silica gel (1). 

Crystalline compound I was recovered to the extent of 258 mg., the best 
melting point of which was 170-171°. 

A trace, about 0.5 mg., of a crude solid, which melted partly at 238-240° 
and which was more polar than I, was also obtained. This was not ex- 
amined further. 


* This investigation was supported by a grant from G. D. Searle and Company, 
Chicago, Illinois. A preliminary report of the results was made before the 118th 
meeting of the American Chemical Society, Chicago, September, 1950. 

{ Present address, Research Laboratory of the Medical Clinic, Massachusetts 
General Hospital, Boston, Massachusetts. 
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Finally, a third, more polar compound, 15 mg., m.p. 196-198°, was iso- 
lated. Its infra-red absorption spectrum included bands characteristic 
of a A*-unsaturated 3-carbonyl, a 17-carbonyl, and a hydroxyl group. 
Treatment of the compound with acetic anhydride-pyridine did not 
acetylate the hydroxyl group. This substance was found to be identical 
with the product obtained from the multicycle perfusion below. The lat- 


ter was demonstrated unequivocally to be 118-hydroxy-A*-androstene-3 ,17- | 


dione, III. 

In a second perfusion, 600 mg. of I in whole blood were circulated for 
about four and a half cycles via venous entry through adrenals whose 
cortices had been lacerated. Five compounds were isolated, but none of 
the starting material was recovered as identifiable crystals. 

Three of these substances have not been identified. Of these, one has 
also been isolated from unperfused blood to which no steroid was added 
and is therefore probably not a metabolite of I. The second compound 
seems not to be a steroid. 

The fourth compound was 118-hydroxyandrostane-3 ,17-dione, 21 mg., 
m.p. 227-228°, [a]3° +96.2°. Reich and Reichstein (5) reported a melting 
point of about 225° and [a]!§ +100.3° for this substance. The infra-red 
absorption spectrum of the perfusion product indicated the presence of a 
hydroxyl group and of unconjugated 3- and 17-carbonyl groups. The 
identity was established by oxidation to androstane-3 ,11,17-trione, LV, 
m.p. 178-180°, which did not depress the melting point of an authentic 
sample of the trione, m.p. 180-181°. Therefore, not only did 118-hydroxy]- 
ation occur but also reduction ef the double bond to produce the andro- 
stane or allo configuration of the hydrogen at C-5. It is noteworthy that 
all corticosteroids which have been isolated from adrenal glands and which 
are saturated in rings A and B also have this configuration (6). 

The final substance isolated was 118-hydroxy-A‘-androstene-3 , 17-dione, 
162 mg., m.p. 197-199.5°, [a]? +207.6°. Reichstein (7) reported 190-192° 
for this compound. It is identical with the solid melting at 196-198° ob- 
tained from the one cycle perfusate; the infra-red absorption spectrum of 
the latter is given above. The structure was established by oxidation to 
A‘-androstene-3 , 11 ,17-trione, V, m.p. 220-222°, which did not depress the 
melting point of an authentic sample, m.p. 223-224°. The infra-red spec- 
tra of these triones were identical. 


EXPERIMENTAL! 
One Cycle Perfusion—A solution of 500 mg. of A‘-androstene-3 , 17-dione, 
m.p. 170.5-171.5°, in 10 ml. of propylene glycol was added to 5000 ml. of 
bovine plasma and the mixture perfused via the aorta through an isolated, 


' The perfusions are described only in broad outline. The technique is given in 
detail in Paper I of this series (4). The melting points were made with samples 
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unlacerated bovine adrenal gland. 
made in 2 hours, with pulsatile flow. 
A portion, 4740 ml., of the perfusate was stirred at room temperature for 
30 minutes with 25 gm. of activated carbon (Darco G-60) to adsorb the 
steroids. The carbon was allowed to settle overnight at room temperature 
and the supernatant liquid decanted. It was again treated with 15 gm. of 
Darco in the same manner. The combined carbon was washed, first with 


A single cycle through the gland was 
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Fig. 1 


saline and water to remove the plasma and then with acetone to remove the 
water. The washed carbon was then leached continuously with methylene 
chloride for 16 hours in a Soxhlet apparatus, yielding 485 mg. of syrup. 
This was then dissolved in 25 ml. of benzene and diluted with an equal 
volume of hexane and the solution chromatographed on a column (12 mm. 
inside diameter) of 30 gm. of silica gel. 





placed between cover-slips on a heated stage (precision +2°) and the rotations ob- 
served in a 2 dm. tube of 2.5 ml. capacity. The infra-red absorption spectra were 
determined and interpreted under the direction of the late Dr. Konrad Dobriner, 
Sloan-Kettering Institute for Cancer Research, New York. The microanalyses were 
made by Dr. G. W. Weiler and Dr. F. B. Strauss, Oxford, England. 
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The syrups obtained by fractional elution with benzene-hexane mixtures, 
benzene and benzene-ether, 19:1 and 9:1, were not investigated further. 

Elution with benzene-ether, 4:1, 3:1, 2:1, and 1:1, yielded 305 mg. of 
crystalline solid, which was crystallized from ether-pentane to yield 176 
mg. of A‘-androstene-3 ,17-dione, m.p. 170-171°. It did not depress the 
melting point of the starting material. More of this compound, 64 mg., 
m.p. 168-170°, and 18 mg., m.p. 162—168°, was obtained from the mother 
liquor. 

Elution with benzene-ether, 1:2 and 1:4, yielded 7 mg. of crude, crys- 
talline solid, from which about 0.5 mg. of a crude solid, melting partially 
at 238-240°, was obtained after several crystallizations from ether, but was 
not examined further. 

Elution with ether and ether-ethyl acetate, 9:1, 4:1, and 2:1, gave 25 
mg. of crystalline solid. By recrystallization from ether, 15 mg. of needles, 
m.p. 196-198°, were obtained. The infra-red absorption spectrum of its 
solution in carbon disulfide had absorption bands indicative of a 17-car- 
bonyl (1745 cm.—), a A*-unsaturated 3-carbonyl (1673 em.-'), and a hy- 
droxyl group (3640 cm.'). This hydroxyl group could not be esterified 
by acetic anhydride and pyridine at room temperature, for the 3640 cm. 
band was still present after such treatment. It was concluded that the 
hydroxyl is at the hindered 118 position and that the compound is 116- 
hydroxy-A‘-androstene-3 ,17-dione, III. This was verified by comparison 
(mixed melting point) with the product, demonstrated to be III, obtained 
from the four and a half cycle perfusion, below. Further, the infra-red 
spectra of both products were identical. 

Multicycle Perfusion—A solution of 600 mg. of I in 10 ml. of propylene 
glycol was added to 8 liters of bovine whole blood. The mixture was 
circulated via venous entry through four bovine adrenal glands, whose 
cortices had been lacerated, placed in parallel. About four and a half 
cycles were made in 6} hours. 

The perfusate was frozen to effect hemolysis, remelted, and then treated 
with four portions of Darco G-60, each 40 gm. Each treatment consisted 
of stirring the blood with the adsorbent at room temperature for 1 to 3 
hours, allowing the solid to settle at room temperature, and then separat- 
ing by decantation and centrifugation. The settling periods were 15 hours 
for the first and second portions, 4 days for the third, and 15 days for the 
fourth. Each portion was then washed by centrifugation with 1 per cent 
saline (five times), water, acetone, and methylene chloride, successively. 
The saline and water washes were discarded. The charcoals were then 
leached continuously in. a Soxhlet apparatus, first. by methylene chloride 
for 12 hours and then by methanol for 3 hours. Residues were obtained 
by concentrating the acetone, methylene chloride, and methanol extracts 
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below 35-45°, either at atmospheric pressure or in vacuo. These extracts 
were then subjected to systematic chromatography on silica gel. 

Chromatogram A—The residual syrups obtained from the methylene 
chloride extracts of the first and second portions of Darco were combined 
(1.4 gm.) in 100 ml. of benzene. This was diluted with 100 ml. of hexane 
and the solution chromatographed on a column (20 mm. inside diameter) 
of 50 gm. of silica gel. The progress of the fractional elution, made with 
100 ml. portions of solvent, is outlined in Table I. Each eluate was 
evaporated in vacuo to obtain its residue. The residues of Fractions 8 to 
28 were crystallized from ether to obtain solids with the indicated melting 
points. 


TABLE I 
Chromatogram A 





Fraction 
No 


Eluent Residue Description 
| | mg. | 
1- 5 | Benzene-hexane 1:1; benzene 40 | Oil 
6-7 | Benzene-ether 19:1 360 | Solid, m.p. 50°, before 
| erystallization 
8-11 s 9:1, 4:1 200 =~ Oil 
12-15 2 ork, 2k 60 | M.p. 122-127° 
16-17 ss 2k, V1 50 ** 150-170° 
18-20 A RE Bz 60 | ‘* 200-225° 
21-28 Ag 1:3; ether; ether- | 215 | * 180-196° 


ethyl acetate 19:1, 9:1 
29-38 | Ether-ethyl acetate 4:1-1:1; ethyl | 215 | Amorphous solid 
| acetate; acetone; methanol | 





Chromatogram B—The residual syrups obtained from the methylene 
chloride extracts of the third and fourth portions of charcoal were com- 
bined (1.25 gm.) and chromatographed as above. Crystalline solids corre- 
sponding to those obtained from Fractions 6 and 7 and Fractions 12 to 15 
of Chromatogram A were isolated. 

Chromatogram C—The residues of the acetone extracts of the four por- 
tions of Darco were combined (0.72 gm.) and chromatographed on a col- 
umn (12 mm. inside diameter) of 20 gm. of silica gel, with 50 ml. portions 
of eluent. This is outlined in Table II. 

Chromatogram D—The residues of the methanol extracts of the four 
portions of Darco were combined in 50 ml. of hot methanol, the solution 
cooled to room temperature, and 50 ml. of ether added. The precipitate 
was filtered and the filtrate concentrated to a residual syrup, 70 mg., which 
was chromatographed on 3 gm. of silica gel. Two crystalline solids were 
isolated, one identical with the solid obtained from Fractions 12 to 15 of 
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Chromatogram C and the other identical with that obtained from Frac- 
tions 16 to 17. 

Identification of Solids—Fractions 6 and 7 of Chromatogram C were 
combined and crystallized from methanol to obtain 300 mg., m.p. 52-53°. 
This was not investigated further. It is not a transformation product of 
I, for it has also been isolated from blood to which no steroids were added 
and which was not perfused through the adrenal. 

Fractions 12 to 15 of Chromatogram A, Fractions 11 to 15 of Chromato- 
gram C, and the identical material isolated from Chromatogram B were 
combined and the total, 200 mg., was chromatographed on 8 gm. of silica 
gel. Elution with benzene-ether, 2:1, yielded 105 mg. of crystals, from 


TABLE II 
Chromatogram C 
— | Eluent | Residue | Description 
i al ia | a. 
1- 5 | Benzene; benzene-ether 19:1 | 10 Oil 
6-10 | Benzene-ether 9:1, 4:1, 3:1 230 =| Solid, m.p. 50° before 
| crystallization 

11-15 - en Fe 7 est en Se 75 M.p. 120-130° 

16-19 | i Prigales: bes | 25 “¢ -150-170° 

20-21 | i 1:4 10 | Amorphous solid 
22-24 | Ether 15 M.p. 180-192° 

25-47 | +“ ether-ethyl acetate; ethyl Oils, some containing 


355 | erystals 
| Not investigated 


| 
| acetate; acetone; methanol 





which 80 mg. of prisms, m.p. 132—133°, were obtained by recrystallization 
from ether-pentane. 


Found, C 59.16, 59.24, H 8.87, 9.04 


The compound produced no color with concentrated sulfuric acid. Ac- 
cording to Dr. Dobriner, its infra-red spectrum is not that of a steroid. 
Acetic anhydride-pyridine at room temperature did not acetylate it. The 
compound was not investigated further. 

Fractions 16 and 17 of Chromatogram A and of Chromatogram C were 
combined and rechromatographed. Besides an additional quantity of the 
solid melting at 132—133°, another compound, 42 mg., m.p. 178-180° (sub- 
limes above 150°), was obtained. The latter was not studied further. 

118-Hydroxyandrostane-3 ,17-dione (IT)—Fractions 18 to 20 of Chroma- 
togram A were crystallized twice from ether-pentane to obtain elongated 
prisms, m.p. 227-228°, [a]®° +96.2° + 2° (c, 0.492, chloroform). Rechro- 
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matography of the residue of the mother liquor led to additional solid of 
the same melting point. The total was 21 mg. (3.5 per cent yield). This 
solid reacted with concentrated sulfuric acid to produce, after 30 minutes 
at room temperature, a yellow-green, non-fluorescing color which changed 
to purple after several hours. The purple was stable for more than 2 days. 


CisH230;. Calculated, C 74.97, H 9.27; found C 75.27, H 9.28 


Reich and Reichstein (5) reported a melting point of about 225° and 
lal +100.3° + 3° for 118-hydroxyandrostane-3 ,17-dione. The identity 
of the perfusion product with this compound was suggested by the infra-red 
absorption spectrum of the former, taken of a chloroform solution. The 
spectrum showed the presence of a free hydroxyl group, of an unconjugated 
3-carbonyl group (1708 cm.—), and of an unconjugated 17-carbonyl group 
(1736 cm.'). This was confirmed by oxidizing it to androstane-3 ,11,17- 
trione, IV. A sample, 14 mg., was dissolved in 0.5 ml. of glacial acetic 
acid, and 15 mg. of chromium trioxide in 0.75 ml. of 90 per cent acetic 
acid were added. The mixture remained at room temperature for 24 hours. 
It was then diluted with anhydrous benzene and concentrated in vacuo 
below 30° to dryness. The residue was dissolved in a few drops of water 
and the solution extracted with ether. The extract was washed with water, 
saturated sodium bicarbonate, and water, dried over anhydrous sodium 
sulfate, and then evaporated to a residue. Crystallization from ether 
yielded a solid, m.p. 178-180°, whose mixture with an authentic sample? of 
androstane-3 , 11 ,17-trione (m.p. 180-181°) melted at 178-180°. Von Euw 
and Reichstein (8) reported 182—183° for this compound. 

118-Hydroxy-A'-androstene-3 ,17-dione, II1I—F ractions 22 to 26 of Chro- 
matogram A were crystallized from ether-pentane to afford needles, m.p. 
197-199.5°, [a]>” +207.6° + 2° (c, 0.393, chloroform). By crystallization 
of similar material from chromatogram C and by rechromatography of the 
mother liquor, additional solid melting at 197-199.5° was obtained. The 
total was 162 mg. (27 per cent yield). Concentrated sulfuric acid reacted 
with this substance to produce, after 20 minutes at room temperature, a 
blue-lavender with a red fluorescence; this was stable for many hours. 


CisH2603. Calculated, C 75.46, H 8.67; found, C 75.34, 75.35, H 8.57, 8.67 


The compound was identical, by mixed melting point determination and 
by infra-red absorption spectrum, with the compound melting at 196-198° 
obtained from the single cycle perfusate. The spectrum had indicated the 
compound to be 118-hydroxy-A‘-androstene-3 ,17-dione, III, which was re- 
ported by Reichstein (7) to have a melting point of 190-192°. This was 


2 A sample of pure androstane-3,11,17-trione was kindly supplied by Professor 
T. Reichstein. 








460 ADRENAL PERFUSION. III 


confirmed by oxidizing a sample, 30 mg., to A‘-androstene-3 , 11 ,17-trione, 
V (adrenosterone), with chromic oxide in the manner described for 118-hy- 
droxyandrostane-3 ,17-dione above. Crystallization of the reaction prod- 
uct from ether produced 11 mg. of prisms, m.p. 220-222°, whose mixture 
with a known sample of adrenosterone, m.p. 223-224°, was not depressed. 
Further, the infra-red absorption spectra were identical. 


DISCUSSION 


The conversion of I by the perfused adrenal gland into its 118-hydroxy 
derivative, III, extends the generality of this oxidation for this type of 
in vitro system. The formation not only of III but also of II, in which 
both 118-hydroxylation and reduction of a double bond have occurred, 
indicates the existence of an oxidation-reduction system involving the a, 8- 
unsaturated 3-carbonyl grouping and the C—H bond at C-11. It is sus- 
pected, therefore, that other substances are evolved in this system; e.g., 
androstane-3 , 17-dione, androstane-38-ol-17-one (epiandrosterone), andros- 
tane-36 ,118-diol-17-one, VI, ete. (Compound VI has been isolated from 
adrenals.) These other substances were not isolated from the perfusates, 
but their presence is not disproved, for, of the 600 mg. of I used in the 
multicycle perfusion, the identified metabolites, II and III, account for 
only about 173 mg. The remainder could very well be a complex mixture 
of some or all of these other possible metabolites. 

This conversion in vitro of a A‘ steroid to the saturated compound with 
the allo configuration at C-5 constitutes an additional parallel between the 
perfused and the zn vivo adrenal gland. All steroids thus far isolated from 
the adrenal gland which are hydroxylated at C-11 and saturated in rings 
A and B have the 118-hydroxyl and 5-allo-hydrogen configurations (6). 

The isolation of III indicates that I is a possible precursor of adrenoster- 
one and that III is a possible intermediate. Adrenosterone itself was not 
isolated from the perfusate. If it is present at all, which has not been 
disproved, it is certainly a minor metabolite in comparison with III. This 
is to be contrasted with the fact that adrenosterone, but not III, has been 
isolated from adrenal glands. There are many theoretical explanations 
for this difference. For example, it has been suggested by many investi- 
gators that the 11-ketosteroids isolated from the glands are mere artifacts 
formed from the 116-hydroxysteroids during the isolation procedure. The 
facts bearing on this point are meager at best. 

The conversion of I and the yields of II and III are much greater in. the 
multicycle perfusion than in the single cycle one. This indicates the im- 
portance of contact time in the gland. It must be emphasized, however, 
that the two perfusions differed in important details; e.g., the medium of 
the former was plasma and that of the latter whole blood. Since these are 
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probably significant factors in the oxidation-reduction system, sharp and 
extensive conclusions cannot be drawn without further, controlled experi- 
ments. 


SUMMARY 


The transformation of A*t-androstene-3 , 17-dione by the perfused isolated 
bovine adrenal gland to 118-hydroxy-A‘-androstene-3 , 17-dione and 118-hy- 
droxyandrostane-3 ,17-dione has been demonstrated. 
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CHEMICAL TRANSFORMATIONS OF STEROIDS BY ADRENAL 
PERFUSION 


IV. DEHYDROEPIANDROSTERONE* 


By ANDRE S. MEYER, ROGER W. JEANLOZ,} anv GREGORY PINCUS 


(From the Worcester Foundation for Experimental Biology, Shrewsbury, Massachusetts) 
(Received for publication, October 23, 1952) 


In previous papers the faculty of isolated beef adrenal glands to trans- 
form steroids unsubstituted in the C-11 position into their 118-hydrox- 
ylated derivatives has been unequivocally demonstrated. The reaction 
has been shown to occur readily with the Ca steroids, desoxycorticosterone 
(1, 2) and 17-hydroxydesoxycorticosterone (2, 3), and to a lesser extent 
with the Cig steroids, androsterone (3) and A‘-androstene-3 ,17-dione (4). 

Since dehydroepiandrosterone (A5-androstene-38-ol-17-one) is recognized 
as a key compound in steroid metabolism, it was considered of interest to 
study its transformation in the presence of the tissue components of the 
adrenal gland. Thus 600 mg. of this substance in whole citrated bovine 
blood were circulated for three and one-third cycles through isolated 
bovine adrenals. The perfusion technique has been described in detail in 
Paper I of this series by Hechter et al. (5). The perfusate was worked up 
according to a procedure developed in these laboratories by Levy et al. (2). 
This includes adsorption of the steroids on activated charcoal and their 
subsequent elution with various solvents. The extract thus obtained is 
fractionated by adsorption chromatography on a silica gel column. 

In the present work dehydroepiandrosterone (1) and two compounds 


| chromatographically more polar were crystallized from the perfusate. Less 





polar fractions which undoubtedly contained cholesterol and A‘-androstene- 
3,17-dione were not investigated. Compound I was recovered in a 42 per 
cent yield and had the same melting point and specific rotation as the 
starting material. 11 per cent (of theoretical) of another substance was 
identified as A‘-androstene-118-ol-3 ,17-dione (II) by melting point, mixed 
melting point, specific rotation, infra-red absorption, sulfuric acid reaction, 
and elemental microanalysis. This compound has been found to be the 
major transformation product (26 per cent) of androstenedione, when per- 
fused by Jeanloz et al. (4) under conditions similar to those employed in the 
present, study. 

* This investigation was supported by a grant from G. D. Searle and Company, 
Chicago, Illinois. 

+ Present address, Research Laboratory of the Medical Clinic, Massachusetts 
General Hospital, Boston, Massachusetts. 
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The formation of II showed that, in addition to the stereospecific hy- 
droxylation at carbon atom 11, a dehydrogenation of the 38-hydroxy] group 
and a subsequent shift of the double bond from the A® to the A‘ position 
had taken place. A®*-Pregnenolone also has yielded after adrenal perfusion 


a number of products with the A‘-3-keto configuration (6). This kind of | 


oxidation of a A5-38-hydroxy] configuration has been observed by Samuels 
et al. (7) in various endocrine tissues with pregnenolone and dehydroepi- 
androsterone as substrate and buffered serum as the medium. The incuba- 
tion of dehydroepiandrosterone with the purified beef adrenal homogenate 
preparation of Hayano and Dorfman (8) recently has shown that the 
insoluble cellular constituents with which the 118-hydroxylase is associated 


contain also a C; dehydrogenating mechanism.! Although 118-hydroxy- | 
dehydroepiandrosterone could not be isolated, it may have been present in | 


small amounts. 


A third compound isolated from the perfusate has not been identified as | 


yet, although it has been fairly well characterized. It appeared to exist in 


Oo HO O 


HO re} 


Compound I Compound IT 


a conjugated form (III), undergoing a cleavage to IV during an acetylation 
or during the subsequent processing. Compound IV had a melting point of 
151-158°, [a] +95° + 3.5° in chloroform, and the composition C1 >H2s03; 
its acetate (V) melted at 195-197.5°. Further properties of these com- 
pounds are given in the experimental section. 


EXPERIMENTAL 


Melting points were observed on a Fisher-Johns hot stage through a 
microscope and are corrected (accuracy +2°). Infra-red analyses (by 
H. Rosenkrantz) were made with a single beam Perkin-Elmer infra-red 
spectrometer (model 12C) on solid films. The microanalyses were carried 
out by Dr. G. W. Weiler and Dr. F. B. Strauss, Oxford, England. 

Starting Material—Dehydroepiandrosterone was recrystallized from an 
ether-pentane mixture and a double melting point of 141—143°/148-149° 
was observed. A sample of this material behaved uniformly on silica gel 
chromatography. After crystallization a melting point of 144°/149-150° 
and [a]?? +11.7° + 1.5° (c, 0.937 in alcohol 95 per cent) were obtained, 
both in good agreement with the literature (9). 


1 A.S. Meyer and M. Hayano, unpublished observation. 
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Perfusion—A solution of 600 mg. of the recrystallized material in 10 ml. 
of propylene glycol was combined with 6 liters of citrated bovine blood con- 
taining antibiotics. This mixture was circulated via venous entry through 
six lacerated bovine adrenals placed in parallel. The perfusion was carried 
out under an O.-CO: atmosphere for 3} hours at 37°. An average flow of 
15.6 ml. per minute per gland was measured, resulting in a total circulation 
of three and three-tenths cycles at the conclusion of the perfusion. 

Darco Adsorption and Elution—The perfusate was hemolyzed by freezing 
and was then stirred for 3 hours with 200 gm. of charcoal (Darco G-60) at 
room temperature. After standing over the week-end (60 hours) at 4°, the 
supernatant fluid was decanted and the complete separation of the char- 
coal was effected by centrifugation. Further adsorption of steroids was 
achieved by the addition of three more portions of Darco (30, 30, and 60 
gm.). The mixture was stirred each time for 30 minutes at room tem- 
perature and the charcoal allowed to settle overnight at 4°. 

The first charcoal portion was worked up separately. It was washed 
with 0.7 per cent saline until free of color, then twice with acetone, and 
once with methylene chloride. The washings were separated by centrifu- 
gation, the saline being discarded. The charcoal subsequently was ex- 
tracted in a modified Soxhlet apparatus, first with methylene chloride for 
14 hours and then with benzene for 9 hours. All solvent extracts were 
evaporated in vacuo below 40°. A combined weight of 1248 mg. (vacuum- 
dried) of crude syrupy extract (A) was obtained. Three-fourths of this 
quantity had been eluted by the methylene chloride. A further extraction 
with methanol for 6 hours yielded a large residue from which 100 mg. of 
crude extract (B) were eluted with warm benzene and ethy] acetate. 

The other three charcoal portions were combined and treated in the same 
manner (methanol extraction excluded). This afforded 233 mg. of crude 
extract (C). Extracts B and C were chromatographed individually. No 
compounds other than I, II, and III were isolated and these in only minor 
quantities. Therefore only the chromatogram of the main extract (A) is 
described below. 

Chromatographic Fractionation—The 1248 mg. of crude extract were dis- 
solved in benzene-hexane 1:1 (by volume) and chromatographed on 80 
gm. of silica gel (Davison, No. 923, 100 to 200 mesh) in a 1.8 X 47 cm. 
column. Elutions were carried out with 150 ml. portions of solvents. 
Fractions which contained less polar substances than the starting material 
(e.g. cholesterol, androstenedione) were not investigated. 


Isolation and Identification of Compounds 


Dehydroepiandrosterone (I)—In Fractions 8 to 10, 350 mg. of solid were 
eluted with benzene-ether 3:1. Recrystallization from ether-pentane 
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yielded 250 mg. of needles (m.p. 143.5°/150-151° [a]?® +13.5° + 1.5° 
(c, 0.997 in alcohol)). No depression of the melting point occurred upon 
admixture with the starting material. 

A‘-Androstene-118-ol-3 ,17-dione (I1)—In Fractions 14 to 16, 154 mg. of 
crystalline material were eluted with benzene-ether 1:1 and 1:2. Subse- 
quently 70 mg. of a compound melting at 195-198° were crystallized from 
ether. After three recrystallizations the melting point was 200-201° and 
[a]?> +209° + 5° (c, 0.992 in chloroform). With concentrated sulfuric 
acid the compound formed after 20 minutes a stable deep blue color with 
dark red fluorescence. Infra-red bands were found near 2.94 (hydroxyl), 
5.75 (carbonyl at Cy), 6.05 and 6.18 (a@,8-unsaturated carbonyl at Cs), 
9.14, 9.36, 9.52, 9.62, and 9.81 u» (some finger-print bands). 


CisH2603. Calculated, C 75.47, H 8.67; found, C 75.65, H 8.49 


A mixed melting point with a sample of A‘-androstene-118-ol-3 , 17-dione 
(m.p. 199°, [a]3’ +208°) did not show a depression. This reference sample 
was obtained from a perfusion of androstenedione and the structure proved 
by oxidation to the corresponding trione (4). 

Compound ITI—In Fractions 19 to 26, elution with ether and ether-ethy] 
acetate mixtures (19:1 to 4:1) yielded 56 mg. of syrup. When moistened 
with ether, 9 mg. of a substance crystallized, a sample of which did not 
give a color with concentrated sulfuric acid. In the determination of the 
melting point this substance remained a solid from 30-360°, but melted 
instantly when placed on a hot-stage preheated to 150°. 

Compound [V—Crystals and mother liquor from Fractions 19 to 26 were 
combined with 23 mg. of syrup of the corresponding chromatographed 
fractions from Extracts B and C and were subjected to an acetylation with 
pyridine-acetic anhydride for 17 hours at 25°. The reaction mixture was 
treated in the usual manner, and the residue (61 mg.) chromatographed on 
silica gel. Elutions were carried out with benzene, ether, ethyl acetate, 
and suitable mixtures of these solvents. Only with benzene-ether 3:1 
(eight fractions) was an elution peak observed. This occurred between the 
third and fifth fractions and afforded 30 mg. of syrup. Two crystalliza- 
tions from ether-pentane produced 17 mg. of crystals (IV), m.p. 151—158° 
and [a]? +95° + 3.5° (c, 0.946 in chloroform). Further crystallization 
from aqueous methanol did not raise the melting point. Infra-red bands 
were found near 2.91 (hydroxyl), 5.85 (carbonyl), 8.88, 9.18, 9.32, 9.50, 
9.93, 11.03, and 11.50 w (some finger-print bands). 

Contrary to expectation, the infra-red spectrum did not show an ab- 
sorption for an acetate group in the region of 8.1 4. However, the presence 
of a free hydroxy! group was evident. Since a subsequent acetylation of 
IV was successful (see below), it would appear that the hydroxyl in III was 
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not free. That a significant structural change occurred in the course of 
the first acetylation can be concluded from the difference in the ease of 
elution of III and IV from silica gel. An alcoholic solution of IV demon- 
strated no absorption peak near 240 my (Beckman), giving evidence of the 
absence of an a,8-unsaturated keto group. This was confirmed by the 
infra-red spectrum, there being no absorption near 6.0 y. 

On paper chromatograms developed in the ligroin-propylene glycol sys- 
tem (10), 1V moved approximately 1.9 and 4.5 times as fast as androstane- 
38-ol-17-one and adrenosterone respectively. Dried strips which contained 
the compound in quantities of approximately 40 y per sq. cm. showed the 
following colors: with the Zimmermann reagent? a purple which changed in 
5 minutes to blue-gray and faded in about | hour; exposure to methanolic 
blue tetrazolium reagent (11) for 1 minute gave the intense purple color, 
characteristic for reducing substances, e.g. an a-ketol grouping at Cop» in 
the corticosteroid series; aqueous triphenyl tetrazolium chloride (12) pro- 
duced no color after 4 minute (a time sufficient for 20,21-ketols to react), 
but gave a faint pink color after 3 minutes. 

The mobility on paper would favor the presence of a Cy02 compound, 
possibly with a 3 ,5-cyclo bridge,’ or, if a third oxygen function (CiO3 struc- 
ture) is present, this additional group would have to be chromatographically 
masked. The infra-red spectrum also accounted for at least two oxygen 
functions: hydroxyl and carbonyl groups; the wave-length of the latter in 
carbon disulfide or chloroform solution (5.83 and 5.90 u respectively) seemed 
to exclude a carbonyl at Cy; free from vicinal effects. The atypical Zim- 
mermann color reaction on paper would lead to the same conclusion. The 
reactions with the tetrazolium chlorides suggest the presence of a reducing 
group with a somewhat lower reducing potential than a 20,21-ketol. As- 
suming that the Ci, skeleton of the starting material remained intact, the 
elemental analysis pointed to a compound with 3 oxygens. 


CisH2303. Calculated. C 74.96, H 9.27 
C19H 3003. ss “74.47, “ 9.87 
Found. “ 74.64, “ 9.57 


Compound V—Reacetylation of 8.5 mg. of IV yielded, after two crystal- 
lizations from ether, 5 mg. of needles melting at 195-197.5° (V). Ele- 
mental analysis revealed the presence of only one acetylable hydroxyl 
group. 

Ci 9H 2303 + C.H,0O. Calculated. C 72.80, H 8.73 
CisH2.0; + C2H.O. S ‘Jaed, - S20 
Found. ‘6-76.15, “* 8.70 





2 The technique of H. Rosenkrantz was used. 
37-Androstane-6-ol-17-one moves 1.5 times faster than androstane-3a-ol-17-one 
(androsterone) (10). 
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Infra-red bands were found near 5.81 (carbonyl), 5.78 and 8.08 (acetate), 
9.31, 9.50, 9.83, 10.04, and 11.02 » (some finger-print bands). The infra- 
red spectrum was devoid of an absorption band near 3.0 u, indicating the 
absence of any free hydroxyl group. 

This is proof that only one hydroxyl was present in the unacetylated 
compound IV. The 3rd oxygen found by the elemental analysis can be 
attributed to a second keto group or less probably to a mole of water of 
crystallization. Further elucidation of the structure of III is dependent 
on the isolation of additional material from a new perfusion. 


The perfusion was carried out by Charles A. Fish. For interpretations 
of the infra-red spectra we are indebted to Dr. Harris Rosenkrantz. The 
technical assistance of Orville G. Rodgers is gratefully acknowledged. 


SUMMARY 


After a multicycle perfusion of dehydroepiandrosterone through isolated | 


bovine adrenal glands, two transformation products were isolated. One 
was identified as A‘-androstene-11-ol-3 ,17-dione and the other was par- 
tially characterized. 
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CHEMICAL TRANSFORMATIONS OF STEROIDS BY ADRENAL 
PERFUSION 


V. BLOOD INCUBATIONS AND PERFUSIONS WITH CORTISONE* 


By ANDRE S. MEYER 


(From the Worcester Foundation for Experimental Biology, Shrewsbury, Massachusetts) 
(Received for publication, December 9, 1952) 


The importance of cortisone as a therapeutic agent has stimulated the 
extension of investigations into the various facets of its fate in the animal 
body. It was of interest for instance to learn whether further transforma- 
tions, if any, of this steroid occurred at the site of its synthesis. The 
development of the adrenal perfusion technique in these laboratories (1) 
made this means a convenient tool for this study. Thus cortisone was 
perfused by Dr. C. G. Bergstrom! through isolated bovine adrenal glands 
as the first steroid containing an oxygen function at carbon atom 11. From 
the perfusate, subjected to the usual charcoal procedure (2), 28 per cent 
cortisone and 2 per cent adrenosterone were crystallized. This unusually 
low yield in total crystalline material made further investigation necessary. 

Duplication of the perfusion yielded similar results. Not only was ad- 
renosterone isolated from the perfusate, but also in experiments in which 
cortisone was circulated in the perfusion medium (whole citrated blood) 
alone or was subjected to charcoal adsorption simply from an aqueous 
solution. In every instance the recovery of cortisone was poor. It thus 
appeared that the charcoal procedure was inadequate for this investigation 
and a search for other means of extraction was undertaken. 

Three general methods were known for the extraction of corticosteroids 
from blood without the prior precipitation of the proteins. The charcoal 
adsorption procedure (2) has been used extensively in the extraction of 
perfusates. It has the advantage in that only relatively small liquid vol- 
umes are involved. The recoveries of steroids with this procedure did not 
always prove satisfactory (3), and the possibility of artifact formation on 
the charcoal surfaces was considered (2). However, these disadvantages 
do not invalidate most of the results obtained in previous work with use of 
this technique. 

A second method consisted of dialysis of the perfusate against aqueous 
media (4). Although the extraction of the dialysate with an organic sol- 


* This investigation was supported by a grant from G. D. Searle and Company, 
Chicago, Illinois. The results of this study were presented at the Gordon Confer- 
ence (Steroid Chemistry Section) on August 7, 1952. 

! Present address, G. D. Searle and Company, Chicago 80, Illinois. 
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vent yielded relatively pure extracts, the lengthy periods required for dialy- 


cent 

sis were undesirable. Moreover, application on a large scale was found to | amc 
be inconvenient (2). Dialysis against a two-phase system, saline-charcoal | mat 
(2) and more recently aqueous methanol-chloroform (5), has also been 7 
described. inte 
Finally, the direct extraction of corticosteroids with organic solvents has | ort 
the advantage of a rapid extraction. The treatment of blood, particularly | der 


when diluted, with chloroform (4) and ether (6) has led to troublesome | folk 
emulsions, necessitating separation by centrifugation. This difficulty was 
generally not encountered with a chloroform-ether mixture (1:4) when the 
blood was only slightly diluted (3). A further development of the direct 
extraction method seemed to show the most promise for our needs. 

Various solvents recognized for their favorable solubility properties for 
corticosteroids (7) were tested for use with blood. Those forming emul- 
sions during manipulation were eliminated. Particularly favorable was 
ethyl acetate, since it extracted only one-half the amount of extraneous 
material compared to that obtained with the ether-chloroform mixture. 
Moreover, maximal recoveries of cortisone (90 per cent) could be achieved 
with smaller volumes of solvent. Considerable improvement over the 
charcoal procedure thus was seen in the recovery of this steroid from blood. 
In addition, no formation of adrenosterone was evident, providing further 
proof that the relatively large quantities of adrenosterone found previously 
were an artifact of the charcoal treatment. A study of the biochemical 
transformations of cortisone could now be undertaken. 

In the incubation of cortisone with bovine blood an approximate 11 per 
cent decrease (based on control recoveries) in material containing the a, f- 
unsaturated ketonic grouping was noted. This diminution could be, in 
the main, accounted for in one or more reduced products with the intact 
ketol side chain. This material moved on paper chromatograms at a rate 
comparable to that of tetrahydrocortisones (3-OH ,5-H trans). The area 
occupied by this substance (or substances) is thus referred to as the “‘tetra- ‘ 
hydro zone.””. No products moving at a rate of dihydrocortisone could be | No 
detected. bef 


acce 
vate 


In two perfusions of cortisone through adrenals, the disappearance of | thr 
unsaturated ketonic material was in the range of 29 per cent. However, | an: 
the quantity of products found in the tetrahydro zone was not more than | ete 
10 per cent. In contrast to the blood incubations, these perfusions were } at. 
conducted with larger amounts of starting material to permit isolation of } acc 
products formed. From the tetrahydro fraction a small amount of tetra- | | tl 
hydrocortisone (38,allo) (allopregnane-38,17a,21-triol-11,20-dione) was ( 
separated and identified. An additional substance, allodihydrocortisone , 
(allopregnane-17a ,21-diol-3 ,11,20-trione) was isolated in about a 1 per | Za) 
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cent yield. Minute quantities of adrenosterone were also found. Trace 
amounts of other transformation products were detected in paper chro- 
matogram analyses. Crystalline cortisone was readily recovered. 

The occurrence of adrenosterone in the adrenal perfusate is not easily 
interpreted for the time being, since it was found that the side chain of 
cortisone is degraded under relatively mild conditions. Adrenosterone was 
demonstrated to be formed from cortisone through charcoal treatment, 
followed by elution with low boiling solvents without exclusion of the 
access of air. Ether peroxides and exposure of cortisone solutions to ele- 
vated temperatures (95°) produced the same degradation. 


CH320H CH50H 
C=0 ¢ ; 
= = 
i “OH ” -OH 
0 fe} t 
CORTISONS ALLODIHYDRO-CORTISONE 
ea 
(@) \e) c=0 
9 -OH 
' Hom “4 
ADRENOSTERONE TETRAHYDRO=CORT ISONE 
(38, ALLO) 
Methods 


Steroids—The steroids were chromatographed on silica gel (Davison, 
No. 923, 100 to 200 mesh) and crystallized to a constant melting point 
before use. The melting points were observed on a Fisher-Johns hot-stage 
through a microscope and are corrected (accuracy +2°). The infra-red 
analyses were made with a single beam Perkin-Elmer infra-red spectrom- 
eter (model 12C).2. The molar absorption coefficient (€) was determined 
at Amax. 238 mu (methanol) on a Beckman spectrophotometer (model DU) 
according to the formula « = (D/(l X ¢)), where D is the optical density, 
| the light path in em., and ¢ the concentration in moles per liter. 

Cortisone was obtained from its acetate (Glidden) after hydrolysis with 

* The infra-red analyses and interpretations of Dr. H. Rosenkrantz and Mr. L. 
Zablow are gratefully acknowledged. 
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potassium bicarbonate (8) under nitrogen. It melted after crystallization 
from acetone at 216-224° and showed [a]?> +215° + 3° (ec, 0.524 in 95 per 
cent alcohol). ¢ had the same value (1.52 X 10) at 237 to 239 my when 
cortisone was dissolved in methanol and at 243 my when dissolved in 
chloroform. Mattox and Kendall (9) obtained cortisone from its acetate 
by acid hydrolysis, having a melting point of 230-231° and [alp +212° 
(alcohol). 

Adrenosterone was prepared by chromic acid oxidation of cortisone (10) 
according to the procedure described in the next paragraph. It had after 
crystallization from methanol a melting point of 223-225°. [a]2? +306° 
+ 3° (c, 1.090 in chloroform), or [a]?! +270.5° + 4° (c, 1.044 in acetone) 
and ¢ 1.62 X 10‘ were observed. As a mineral oil mull, it showed absorp- 
tion bands near 1748 (carbonyl at C17), 1707 (carbonyl at Cy), 1668 and 
1600 (unsaturated carbonyl at C3), 1224, 1092, 1051, 1014, and 876 cm. 
(some finger-print bands). Newer constants for adrenosterone have been 
reported recently by Herzog ef al. (11): m.p. 218.5-220°, [aj28 +271° 
(acetone), €233 1.51 X 104 (alcohol). 

Preparation of Adrenosterone—1.5 gm. of cortisone were dissolved in 90 


ml. of glacial acetic acid (distilled over chromium trioxide). To this solu- } 


tion 830 mg. of chromium trioxide in 1 ml. of water and 10 ml. of glacial 
acetic acid were added. After standing for 16 hours at 25°, the reaction 
mixture was cooled to 0° and shaken with 1 gm. of sodium sulfite. 200 ml. 
of ice water were then added, and the solution neutralized in the cold with 
5 N sodium hydroxide. It was subsequently extracted in portions of 100 
ml. with 2 X 250 ml. of benzene. The extracts were washed consecutively 
with 2 N sulfuric acid, water, 2 N sodium carbonate, and water. After 
drying over sodium sulfate, the solutions were combined and evaporated 
in vacuo at 35°. 1.05 gm. (85 per cent of theoretical) of crude product, 
m.p. 200-225°, were obtained. Two crystallizations from acetone-ether 
yielded 0.95 gm. of adrenosterone melting at 222-225°, [a]?> +301° + 4° 
(chloroform). 

Blood*—Blood was collected from the severed neck vessels of stunned 
cattle or in three cases drawn aseptically by puncture of the jugular vein. 
Approximately 3.4 liters were placed in bottles containing 600 ml. of an 
acid citrate-glucose solution with addition of 0.5 gm. of terramycin‘ or 
100,000 units of penicillin G and 0.5 gm. of streptomycin. The blood was 
kept at 4° and used within 24 hours. 

Incubation Experiments—40 ml. of blood were added to 250 ml. Erlen- 


3 The author is indebted to C. A. Fish and J. Hedin for the collection of the blood. 
The aseptic samples were drawn under supervision of Dr. A. Mason. 

4The terramycin was obtained as a gift from Dr. H. Seneca, Chas. Pfizer and 
Company, Ine. 
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meyer flasks containing 4 mg. of steroids in 0.25 ml. of propylene glycol. 
The mixture was shaken under an O2-CO: atmosphere at 38° for 3 hours. 
These are designated as blood incubations. Blood blanks with propylene 
glycol alone were run in parallel. In recovery experiments the blood 
(cooled to 0°) was added to the steroid solution after the incubation and 
immediately frozen. 

Aliquots from two blood incubations were tested for the presence of bac- 
teria by plating on a brain-heart infusion agar (Difco). No growth was 
noted.® 

General Method for Blood Extraction with Organic Solvents—The incu- 
bated blood was rapidly frozen in an acetone-dry ice bath and stored over 
night at —6°. After thawing in a 40° bath, 6 gm. of sodium chloride were 
added to the hemolyzed blood to diminish the solubility of steroids. The 
blood was then transferred to a 200 ml. separatory funnel (Squibb) with the 
aid of 2 X 2 ml. of saturated aqueous sodium chloride and shaken vigor- 
ously for 6 seconds at 4° with 80 ml. of organic solvent. After standing 
5 minutes at 4°, the solvent layer was syphoned off and the operation 
repeated with another portion of 80 ml. of solvent. No emulsification is 
encountered under these conditions. The two extracts were subsequently 
washed consecutively with 2 ml. portions of saturated sodium chloride until 
no further color was eluted (approximately five times). After standing 
over anhydrous sodium sulfate for 10 minutes, the combined extracts were 
evaporated to dryness in vacuo below 40°. The residue was dissolved in 
methylene chloride and filtered into a tube. It was then evaporated re- 
peatedly with additions of benzene in a current of nitrogen to a constant 
weight. Volumes up to 150 ml. of incubated blood were treated in the 
manner described with comparable results. 

Analysis of Extracts—The residue obtained above was redissolved in 
chloroform and the concentration of a,8-unsaturated ketonic material de- 
termined with the ultraviolet spectrophotometer. 

Resolution of steroids was accomplished by the paper chromatography 
method of Zaffaroni et al. (12). The toluene-propylene glycol system (13) 
or the ligroin-propylene glycol modification of Savard (14) for less polar 
compounds was employed. Paper strips 57 em. in length and of varying 
widths were impregnated, unless otherwise stated, with a 30 per cent meth- 
anolic solution of propylene glycol and immediately blotted. The devel- 
opment periods at approximately 30° were varied so that compounds within 

5 The microbiological assay was carried out by Miss G. Weber, Worcester State 
Hospital. 

‘ teactadeniatian blood must be shaken for approximately 15 seconds in order to 


achieve total hemolysis and requires a larger ratio of solvents to prevent emulsifica- 
tion. 
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a wide polarity range should have been noted if present: with ligroin, 3 and f 
20 hours; with toluene, 6, 17, and 60 hours. Thereafter the compounds | an 
were located by scanning the paper under ultraviolet light (15)’ and with | the 


the use of various color tests: Zimmermann reagent, particularly for 17- | for 
ketosteroids (6), 2 ,4-dinitrophenylhydrazine for ketones, particularly when | the 
conjugated with an unsaturation (6), alkaline tripheny] tetrazolium solu- | me 


tion (TPTZ) for reducing groups, especially the 20,21-ketols (13), and we 
fuming sulfuric acid (16). aq 
For quantitative estimations specific areas of duplicate strips were eluted | wit 


with methanol, and the amount of steroids determined by ultraviolet ab- =P 
sorption at 238 mu, or by the blue tetrazolium reaction of Chen and Tewell sce 
for the 20,21-ketol side chain (17). ha: 





Adrenal Perfusions of Cortisones—The two adrenal perfusions were car- m<¢ 
ried out according to a procedure detailed elsewhere (1). Blood aseptically no 
drawn from two animals and combined was employed. In Perfusion A, a 
solution of 473 mg. of cortisone in 20 ml. of propylene glycol was combined 
with 4.3 litersof blood. This mixture was circulated at 38° under an O.-CO, . 
atmosphere via venous entry through six lacerated bovine adrenals placed ace 
in parallel. Eight cycles requiring a total of 3 hours were run. In Per- we 
fusion B, 3.9 liters of blood containing 430 mg. of cortisone in 20 ml. of thi 
propylene glycol required 2 hours for the completion of eight cycles. 150 ing 


ml. aliquots of the perfusates were taken for comparison with incubation thi 
experiments carried out with the identical blood. Wi 

Extraction of Adrenal Perfusates—3.7 liters of Perfusate A, in which 555 ur. 
gm. of sodium chloride (analytical reagent) had been dissolved, were shaken aft 
with 10 liters of ethyl acetate (analytical reagent) at 4° in a 20 liter Pyrex tw 
bottle for approximately 30 seconds. After standing for 5 minutes at 4°, m. 
by which time the phases had clearly separated, the solvent layer was ide 
syphoned off. The extraction was repeated with 8 liters of ethyl acetate. ba 
The solvent layers, washed and treated according to the general procedure c 
outlined above, afforded 3.0 gm. of residue. This weight was 2.5 times | fip 
that calculated from the results (49 mg.) of the 150 ml. aliquot extraction pa 
(above). ar 

3.44 liters of Perfusate B plus 516 gm. of sodium chloride were divided 17 
into two parts and shaken consecutively with the same 7 liters of ethyl 
acetate. After separation the extraction was repeated twice with 6.5 liters 2 
of ethyl acetate. The residue was 5.3 gm. The 150 ml. aliquot yielded Wi 
123 mg. of dried material. The blood blank was also unusually high (see fo 
‘‘Results’’). 

7™The technique of Dr. R. C. Haynes, Jr., with Mineralight model SI. 2437 was re 
applied. 

8 The adrenal perfusions were carried out by Mr. C. A. Fish. pa 
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The residue of 5.3 gm. was partitioned between equal volumes of hexane 

and 80 per cent aqueous methanol (70 ml.). After separation of the phases 
the methanol extract was diluted to 60 per cent and finally to 25 per cent 
for the second and third shakings with equal volumes of hexane. Each of 
the hexane fractions was then consecutively back-washed with aqueous 
methanol of appropriate concentration.? The aqueous methanol extracts 
were combined and reduced in vacuo to a small volume, the remaining 
aqueous solution saturated with sodium chloride, and the steroids extracted 
with ethyl acetate. 797 mg. of residue were obtained. 
' The appearance of larger quantities of extraneous material in these large 
scale extractions of corticosteroids from blood indicates that the procedure 
has yet to be improved. Obviously the denaturation of blood proteins is 
more extensive under these conditions. Investigations on this problem are 
now in progress. ; 


Preparation of Reference Compounds 


Allodthydrocortisone Acetate (Allopregnane-17 a ,21-diol-3 ,11 ,20-trione-21- 
acetate)—9.3 mg. of allopregnane-38 , 17a ,21-triol-11 ,20-dione-21-acetate”” 
were dissolved in 0.22 ml. of glacial acetic acid and oxidized according to 
the procedure of Sarett (18) with 0.18 ml. of 80 per cent acetic acid contain- 
ing 7.78 mg. of chromium trioxide. After 10 minutes of reaction at 25°, 
the mixture was diluted with 4 ml. of water and extracted exhaustively 
with methylene chloride. The organic layers were washed with water, sat- 
urated aqueous potassium bicarbonate, and again with water, and yielded 
after evaporation of the solvent a crystalline residue of 11.3 mg. After 
two crystallizations from acetone-ether, 4.4 mg. of needles were obtained, 
m.p. 230-236°. An infra-red analysis showed that this product was not 
identical with the starting material. A sample in the solid state showed 
bands near 3460 (hydroxyl), 1751, 1237, 1222 (acetate), 1739 (carbonyl at 
Co), 1704 (carbonyls at C3 and Cy), 1071, 1050, 1041, and 902 cm.—! (some 
finger-print bands). Djerassi et al. (19) have reported for a product pre- 
pared by hydrogenation of cortisone acetate a melting point of 235-236° 
and infra-red bands in the carbonyl region near 1750, 1736, 1716, 1706, and 
1700 em.~! (in chloroform solution). 

Tetrahydrocortisone-(38 , allo)-diacetate (Allopregnane-38 , 17a ,21-triol-11 ,- 
20-dione-3 ,21-diacetate)—4.5 mg. of the 21-monoacetate were acetylated 
with pyridine-acetic anhydride in the usual manner. 5.4 mg. of solid af- 
forded, after crystallization from acetone-ether, 2.5 mg. of crystals melting 

*A sample of tetrahydrocortisone-(3a,normal) partitioned in this manner, was 
recovered in quantitative yield and with an unchanged melting point. 

10 The author wishes to express his gratitude to Dr. M. Tishler, Merck and Com- 
pany, for this sample. 
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at 215-222.5°. Infra-red bands of a sample dissolved in carbon disulfide us 
were found near 3460 (hydroxyls), 1748, 1262, 1239 (acetates), 1736 (car- bl 
bonyl at Cx), 1710 (carbonyl at Cy), 1106, 1045, 1082, and 976 em. 
(some finger-print bands). Reichstein et al. found for the diacetate of his tre 
Substance D isolated from beef adrenal extract a melting point of 223-224° sh 
(20). Jones et al. (21) have reported infra-red bands in the carbony] region hi 
near 1746, 1724, and 1705 cm.—' (in chloroform solution). ar 
tr 
TABLE [ lis 
Blood Extractions st 
40 ml. of whole citrated blood were shaken twice for 6 seconds with 80 ml. of m 
solvent. The values for the residues were compared with those from an ethyl 
acetate extraction run in parallel and corrected to the mean calculated from fourteen F 
individual ethyl acetate extractions. The results of the absorption measurements er 
at 243 my are expressed in mg. equivalents of cortisone. st 
Residue calculated for 100 ml. blood e 
Solvents Nr s 
ie ae 7 
Se pathy ve oo a 
RIV MRCCURUC oni ce ec clea «i « Piaeey 9 0.7 d 
Ether-chioroform, 471; . 2. ..0....0.60.600.... 16 0.6 o! 
Ethyl acetate-chloroform, 3:1............... 13 0.9 el 
EO Se 9 0.4 
JOU ea ee 16 ” 
Ether-dichloroethane, 2:1........... ae 27 ce 
eee eer eee as pea, : ; : p 
Results {i 
Blood Extraction—Results obtained in experiments in which direct ex- MW 
traction of incubated bovine blood with various solvents was carried out t 
are presented in Table I. Ethyl acetate was found to be the most satis- v 
factory solvent of those investigated in that the extracted material was 
lowest in weight. Benzene, while favorable in this aspect, was found to be 
less efficient in extracting cortisone. With isoamyl acetate and ethyl! butyl! 
ketone the separation of phases was inadequate. r 
Blood blank data from fourteen experiments showed that the residues f 
from ethyl acetate extractions ranged in weight from 5.6 to 19.0 mg. (mean f 
9 mg.) per 100 ml. of blood and contained, on the basis of ultraviolet ab- t 
sorption measurements, 0.3 to 1.5 mg. equivalents (mean 0.7) of cortisone."! d 
Slightly lower values were observed with unincubated blood. On only one 
occasion, with a sample of blood aseptically drawn, were the values un- 8 
11 This expression does not imply the presence of cortisone in blood blanks. : 
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usually high, 33 mg. in weight and 4.7 mg. equivalents of cortisone. (This 
blood was used in Perfusion B.) 

The mode of intermixture was found to be an important factor in the 
treatment of blood with solvents. For instance, when a blood sample was 
shaken for 2 minutes instead of the usual 6 seconds, the extract was more 
highly colored (yellow) and gave the following values: 19 mg. in weight 
and 0.9 mg. equivalent of cortisone for 100 ml. of blood. Less drastic 
treatment of blood, as may be possible for instance with the recently pub- 
lished percolation method for extraction of estrogens (22) and 17-keto- 
steroids (23) from urine, might lower the blank values while providing the 
maximal recovery of steroids. 

Perfusion Blank—1.5 liters of the blood lot used for adrenal Perfusion A 
were recycled through two adrenal glands eight times without addition of 
steroids. A 150 ml. aliquot of this perfusate was extracted in the usual 
manner with ethyl acetate and gave the following values: 18 mg. of residue 
weight and 1.5 mg. equivalents of cortisone for 100 ml. of blood. 

Recovery Experiments—Nine blood samples to which cortisone had been 
added in a concentration of 10 mg. per 100 ml. were extracted with ethyl 
acetate and showed a recovery of 88 + 3 per cent as determined by optical 
density readings of the crude extracts or of the eluates of the cortisone zone 
of paper chromatograms. A further extraction with another portion of 
ethyl acetate yielded an additional 2 per cent. The same recovery per- 
centages were also obtained in the following experiments: cortisone in con- 
centration of 500 y, adrenosterone in concentrations of 10 mg. and 500 y 
per 100 ml. of blood (two experiments each).” 

Two experiments with cortisone (10 mg. per 100 ml.), with ether-chloro- 
form 3:1, gave a recovery of only 80 per cent. An additional 10 per cent 
was extractable with a third portion of this solvent mixture. Three por- 
tions of this mixture thus were necessary to achieve the same results as 
with two portions of ethyl acetate. 


Blood Incubation and Adrenal Perfusion 


Content of Unsaturated Ketonic Material—The quantities of a ,8-unsatu- 
rated ketonic material recovered after blood incubation and adrenal per- 
fusion with cortisone are shown in Table II. These figures are corrected 
for appropriate blanks run in parallel (see above). Aliquots of the ex- 
tracts calculated as containing approximately 500 y of steroids were also 
analyzed by paper chromatography. The same recovery percentages as 


12 Hechter et al., using the ethyl acetate method, obtained approximately the 
same recovery with other corticosteroids including desoxycorticosterone, 17-hy- 
droxydesoxycorticosterone, and 17-hydroxycorticosterone when added to blood at 
a level of 10 mg. per 100 ml. (private communication). 
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those tabulated were found from measurements of the eluates of the cor- 
tisone zone. Therefore material with an a,8-unsaturated ketonic group- 
ing other than cortisone could only be present in minor quantities. The 
paper blank corrections amounted to 2 per cent for blood incubations and 
4 per cent for adrenal perfusions. 

Recoveries after two blood incubations of adrenosterone were also in the 
range of 78 per cent, demonstrating a disappearance of approximately 10 
per cent of unsaturated ketonic material. 

Detection of Steroids by Paper Chromatography—Aliquots of crude ex- 
tracts (equivalent to 600 to 1200 y of starting steroid) were pipetted onto 
paper strips 1 cm. wide and developed for various lengths of time. Under 


TasLe II 
Recovery of «,B-Unsaturated Ketonic Material after Incubation and Perfusion 


Blood contained added cortisone in concentrations of approximately 10 mg. per 
100 ml. Extractions were carried out with ethyl acetate. The content of unsatu- 
rated ketonic material was determined at 243 mu. 








No. of experiments Per cent recovery* 
RROCOVELYJEXDOFIMONES 55/0. 2.60)8 666 he's si gayecietee 9 88 + 3 
Blood incubation (normal).................. 9 + 5 
Zi se ‘(Qureshi 2 57 + 3 
LN Ve Ce 8 O10) 7 ERPS alana eS Mare 2 242 


* Expressed in per cent of the starting material. 

t Eleven samples of bovine blood were used in this series; three were aseptically 
drawn and eight collected from the severed neck vessels. The two abnormal 
instances cited were observed with blood from the latter source. 


these conditions products at a minimal concentration of 5 per cent of the 
starting material should have been detected. A summary of the findings 
is presented in Table III. The mobility rates of compounds are expressed 
in ratio (R) to the mobility of cortisone (Cs) and adrenosterone (Adr) 
when the chromatograms were developed with toluene and ligroin respec- 
tively. 

Blood blanks gave a faint ultraviolet absorption at Ro, 0.05. Recovery 
experiments showed in addition the cortisone zone only. In blood incuba- 
tions a further zone at approximately R<, 0.28 was detected by TPTZ. 
For the purpose of a quantitative determination of the material in this area, 
the eluates were rechromatographed in one instance to remove the accom- 
panying yellow color. Using the blue tetrazolium method (17) with tetra- 
hydrocortisone-(3a,normal) as standard, 9.5 per cent product was found 
to be present. Since the disappearance of the a,B-unsaturated ketonic 
material after the blood incubations amounted to 10 per cent (see Table 
II), this fraction accounted for the major transformation product (or prod- 
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ucts) of blood action on cortisone. When this material was mixed with 
tetrahydrocortisone-(3a,normal) and developed on paper, no resolution 
occurred. Color reactions on the paper were identical with those seen with 
the pure tetrahydrocortisones 3a ,normal and 38,allo. The area contain- 
ing this material was thus designated as the ‘“‘tetrahydro zone.”’ 


TaBLe III 
Summary of Substances Detected through Analyses by Paper Chromatograms 
| Ultra. | '2,4-Dinitro- 
Designati maar | violet | ppyz |”? Zi miaatnae anititererent 
ey Experiment “absorp TPTZ | Ris nud | Thee” Fuming sulfuric acid 
From crude extracts* 
Res 0.05 | a,b, c,d + | (+) | _- ~ er 
ee) eC | b,c, d + | + | Orange Blue-gray Yellow after 1 
| | min., yellow 
| | | fluorescence ft 
“ 0.23 j|c,d = eee | Gray Brown-yellow, 
yellow fluores- 
| | cencet 
‘ °O.4G; |.2 + se ? 
From purified fractions of Perfusion A 
Re, 2.1 Pte + | Yellow | Gray 
 (O:69 + i} + | - | Purple ~ 
(0:21 + (+) => Light yellow 
fluorescencet 
Raar 1.0 + - Orange | Purple - 
“cc 0.18 + | a | “ | “ce = 
$$: Gao Sa | “ _ 
ee 1035 - _ “ - 


Reo, and Raar are the ratios of the mobility of the unknown compounds to those 
of cortisone and adrenosterone, respectively, in the toluene- or ligroin-propylene 
glycol system. 

* Zones were found in the following experiments: (a) blood blanks, (b) recovery 
experiments, (c) blood incubations, and (d) adrenal perfusions. 

+ Under ultraviolet light. 


The possibility that this zone contained a mixture of substances could 
not be excluded. Model runs with pure samples of steroids in the toluene- 
propylene glycol system over a development period of 60 hours gave the 
following picture: Tetrahydrocortisones 38 ,allo and 3a,normal were not 
resolved. However, the 38,allo and the 3a,allo" derivatives separated 
clearly, giving rise to a displacement effect; the Rc, was found to be 0.23 


'8 This compound was obtained from Mr. I. Caspi. 
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and 0.43 respectively. Other steroids than those tested will have similar 
mobility rates and might be contained in the tetrahydro zone. 

With the adrenal perfustons these same zones were again evident. The 
material in the tetrahydro zone of the (corresponding instance) Perfusion 
A amounted to 8.4 per cent. An additional compound at R-., 0.40 was 
detected by ultraviolet absorption (Table III). 


TaBLE IV 
Silica Gel Chromatography of Extract from Perfusion A 


3.0 gm. of dried extract dissolved in benzene were placed on 90 gm. of silica gel 
(1.8 X 52 em.) in benzene-hexane, 1:1. 200 ml. of solvent were used per fraction. 


eee: l 





Residues 
Fraction No.| Eluates fe 
| Weight | Description 
| mg. 
1- 3 | Benzene, benzene-ether, 4:1, 2:1 | 2027 | Waxy substance 
er) Benzene-ether, 1:1-1:4 | 71 | Brown syrup 
| 


8-12 Ether, ether-ethyl acetate, 6:1 36 | Few crystals, m.p. 


>300° 





13-14 | Ether-ethyl acetate, 4:1, 3:1 7 | Brown syrup 

15 as = 2:1 | 13. | Few crystals 

16-18 | es a 7p) eel Wes) | 247 | M.p. 193-220° 

19-22 . = 253.172 | 383 | Brown syrup 

23-31 A 4 ethyl acetate, ethyl) 70 | Amorphous material 
acetate-chloroform, up to 1:1 | 

32-38 Chloroform, chloroform-methanol, up to | 43 | Dark syrup 
1:2 | 

39-40 Methanol | 3 | « ss 

ET NAC 3 a NTE Ce Se a | 2925 





Isolation of Steroids from Adrenal Perfusates 

Extract A—The extract (3.0 gm.) of adrenal Perfusate A was dissolved 
in benzene and chromatographed on silica gel (Table IV). The eluted 
solid from Fractions 16 to 18 was crystallized with acetone and yielded 171 
mg. of a substance with melting at 209-223°. No depression of the melting 
point was observed when cortisone was admixed. 

Fractions 1 to 6 (2087 mg.) were distributed between hexane and 40 per 
cent aqueous methanol, yielding a residue of 76 mg. from the methanol 
layer. No steroids were observed on paper chromatogram analysis. Ali- 
quots of other fractions were also analyzed by this method. 

In Fractions 8 to 10 four compounds showing the typical Zimmermann 
color reaction for 17-ketosteroids were detected (Table III). The sub- 
stances with Ryu, 1.0 and 0.18 were present in the highest concentration. 
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They gave only one spot each when run in a chromatogram mixed with 
adrenosterone and A‘-androstene-118-ol-3 ,17-dione respectively. The re- 
mainder of these combined fractions (approximately 80 per cent) was 
chromatographed on a paper strip 17 em. wide for 24 hours in ligroin. The 
two zones were eluted individually and rechromatographed on narrower 
paper strips. From the zone with Raa, 1.0, 210 mg. of syrup were eluted, 
which permitted identification of the material (see below). The zone with 
Rar 0.18 yielded 1.4 mg. of syrup, from which 0.7 mg. of crystals previously 
found (m.p. >330°) separated. Fractions 11 and 12 contained very little 
of the compound (or compounds) with Raa, 0.18 only. 

A substance with Re, 2.1, not detected previously, was found to be 
present in Fractions 13 and 14 and in a mixture with cortisone in Fraction 
15. A mixed chromatogram with normal dihydrocortisone gave a uniform 
spot. The area containing this material was designated as the ‘‘dihydro 
zone.” 

The mother liquors of Fractions 16 to 18 consisted of cortisone only. 
Fractions 23 to 31 contained the compound (or compounds) with Re, 0.05 
in small quantities, demonstrating at this time a faint pink color with 
TPTZ. In Fractions 35 to 37 the material with R¢, 0.40 was found. 

Fractions 19 to 22, which contained a mixture of tetrahydro substances 
and cortisone, were subjected to an aqueous methanol-hexane distribution 
and afforded 128 mg. of dark syrup from the methanol layer. This residue 
was subsequently chromatographed on 9 gm. of silica gel. The separation, 
however, was unsatisfactory. The fractions containing mixtures of steroids 
were subjected to paper chromatography. A total of 20 mg. of syrup was 
eluted from the tetrahydro zone. At this time a trace of another substance 
with Re, 0.69 (Table IIT) was detected. 

Extract B—The purified extract (797 mg.) from adrenal Perfusion B was 
processed specifically for the isolation of tetrahydro products. 165 mg. of 
cortisone, m.p. 196-214°, were separated by filtration from the extract 
moistened with chloroform. The mother liquor was placed on nine paper 
strips 17 em. wide and developed for 36 hours at 30° with toluene. After 
drying the paper sheets in an air draft, the locale of the tetrahydro zone 
was determined with the TPTZ reagent to be 3 to 7 cm. from the starting 
line. These areas were cut out and eluted with methanol and yielded 42 
mg. of yellow syrup. Residual cortisone and other impurities were re- 
moved through rechromatography on a single paper strip. The purified 
eluate weighed 29 mg. 

Presence of Compound with Rc, 2.1—Extracts of 75 ml. of blood aliquots 
of both perfusions and corresponding blood incubations were placed on 
individual paper strips 5 em. wide and developed in the toluene-propylene 
glycol system until the cortisone areas had moved to 10 + 3.5 cm. from the 
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starting lines. The zones below this area (14 to 25 cm.) were cut out and 
eluted, and the residues rechromatographed on strips 1.5 cm. wide. The 
compound, previously noted in chromatograms of perfusion Extract A, 
moving with R., 2.1, was detected only in the material from the two ad- 
renal perfusions, but not in that of the blood incubations. Under the 
conditions applied any quantities of this substance exceeding a concentra- 
tion of 0.5 per cent of the starting material should have been detected. 


Identification of Crystalline Products from Adrenal Perfusions 


Zone with Re, 2.1 Constituting Allodihydrocortisone—90 per cent of Frac- 
tions 13 to 14 from the chromatogram of the extract of Perfusate A (see 
Table IV) was placed on a paper strip 7 cm. wide impregnated with 40 
per cent methanolic propylene glycol and developed for 17 hours at 30° 
in toluene. 90 per cent of Fraction 15 was chromatographed on a sheet 
17 cm. wide. The areas with R¢, 2.1 (detected by TPTZ) between 10 and 
14 cm. from the starting line were cut out and eluted with acetone. A 
total of 7 mg. of solid was obtained, which after two crystallizations from 
acetone-pentane, gave 2.5 mg. of fine needles (m.p. 195-205°). These crys- 
tals plus a second crop (a total of 4.5 mg. or 1 per cent of the starting 
material) were acetylated in the usual manner. 5.7 mg. of solid residue 
were obtained and yielded, after two crystallizations from acetone-ether, 
3.3 mg. of needles (m.p. 229-236°). A mixed melting point with the refer- 
ence sample of allodihydrocortisone did not show a depression. Proof of 
identity was established by comparison of their infra-red spectra. 

Zone with Re, 0.28 Containing Tetrahydrocortisone-(3B ,allo)—Attempts 
to obtain crystals directly from the paper eluates of the zone with Re, 
_0.28 were unsuccessful. The residue was acetylated and after several 
crystallizations from ethyl acetate a small quantity of needles, melting at 
211-221°, were obtained. A mixed melting point with the reference sample 
of tetrahydrocortisone-(38 , allo)-diacetate did not show a depression. The 
identity of the substance was proved by infra-red spectroscopy. 

The difficulties encountered in the purification of the crude material as 
well as indication from the infra-red analyses of the mother liquors sug- 
gested that these fractions consisted of more than the 38,allo derivative 
isolated above. Attempts to resolve the acetylated components with vari- 
ous paper chromatogram systems failed. A sample of the original un- 
acetylated material was chromatographed in the chloroform-formamide 
system (24) for very slow moving steroids. After 16 hours of development 
at 22° the substance (or substances) with R¢, 0.28 had moved 20.0 cm. and 
a trace of a substance with a calculated R~, 0.21 was separated (Table III). 

Zone with Raa 1.0 Containing Adrenosterone—From the 2.0 mg. of 
eluted syrup (see above), 0.7 mg. of crystals melting at 220-222° was 
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obtained. Mixed melting point and infra-red analysis showed that the 
compound isolated was adrenosterone. 


Formation of Adrenosterone from Cortisone 


Blood Incubation and Subsequent Extraction with Charcoal—250 mg. of 
cortisone in 12 ml. of propylene glycol were mixed with 1.66 liters of blood 
and circulated through the perfusion apparatus (in the absence of adrenal 
glands) for 3 hours at a medium flow rate. The steroids were then 
adsorbed at 4° three times on 30 gm. of charcoal (Darco G-60) and 
treated as detailed elsewhere (2, 25). The vacuum-dried charcoal was 
eluted in a Soxhlet apparatus consecutively with methylene chloride, ben- 
zene, and ethyl acetate. The dried extracts obtained were combined (560 
mg.) and chromatographed on silica gel. Only 10 mg. of cortisone (m.p. 
195-223°) were recovered. This was converted to the acetate, which 
melted at 236-241.5°. A mixed melting point and infra-red analysis con- 
firmed its identity. Another product (20 mg.), after recrystallization from 
ether, melted at 222.5-224° and had [a]? +309° + 6° (c, 0.716 in chloro- 
form). It did not show a melting point depression when mixed with an 
authentic sample of adrenosterone. The identity of these substances was 
substantiated by infra-red analyses." 


C\sH»,0;. Calculated, C 75.97, H 8.05; found, C 75.74, H 8.03 


Cortisone Recovery, Control Experiments—4 mg. of cortisone in 0.8 ml. of 
propylene glycol and 100 ml. of water were shaken with 6 gm. of Darco at 
4° for 40 hours. The dried charcoal was extracted with the series of low 
boiling solvents mentioned above. An aliquot of the combined extracts 
showed a 44 per cent recovery of material with the a ,6-unsaturated ketonic 
grouping. Another aliquot was put on paper strips 1 cm. wide impreg- 
nated with methanolic propylene glycol (1:1) and developed for 1} hours 
in toluene. A substance moving at a rate similar to adrenosterone was 
detected with the Zimmermann reagent. The intensity of this color was 
compared with reference strips run in parallel containing 25 and 50 y of 
adrenosterone mixed with an appropriate amount of (blank) charcoal ex- 
tract. Approximately 14 per cent of the starting material was calculated 
as being transformed into adrenosterone. 

In a second experiment in which the extraction of the cortisone adsorbed 
on charcoal was effected with several portions of acetone at 40° under a 
nitrogen atmosphere, the recovery was only 25 per cent. An aliquot was 
distributed between benzene and water and the residue of the benzene frac- 


'4 The microanalysis was carried out by Dr. G. W. Weiler and Dr. F. B. Strauss, 
Oxford, England. 
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tion chromatographed on paper. Practically no Zimmermann color ap- 
peared in the adrenosterone area. 

Effect of Ether Peroxides—4 mg. of cortisone dissolved in 5 ml. of chloro- 
form were added to 250 ml. of water-saturated ether containing peroxides 
in a concentration of approximately 0.13 n. After standing for 48 hours 
at room temperature, the solution was divided into two equal parts. One 
part was shaken, for reduction of the peroxides, with 2 ml. portions of 5 
per cent ferrous sulfate, until no further color change was evident, and 
then with six portions of 1.5 ml. of saturated sodium chloride. The other 
portion was treated with the sodium chloride only. Aliquots of the residue 
of these extracts were analyzed on paper for the presence of adrenosterone. 
The sample shaken with ferrous sulfate showed only a trace of this steroid, 
whereas the non-treated sample yielded a product (estimated at 10 per 
cent) which moved at the same rate that adrenosterone did. A mixed 
chromatogram on paper in the ligroin-propylene glycol system (15 hours 
development) with an authentic sample of adrenosterone gave only one 
spot. 

Effect of Temperature—4 mg. of cortisone in stoppered tubes, one sample 
in the dry state and the other in 0.4 ml. of propylene glycol, were heated 
at 95° + 2° for 24 hours. At the end of this period, the melting point and 
the extinction at 240 mu of the dry sample were identical with those taken 
before heating. No adrenosterone was detected on analysis by paper chro- 
matogram. The sample which had been heated in propylene glycol showed 
a decrease of 5 per cent of the ultraviolet adsorption reading. On paper a 
product was found which moved at the same rate that adrenosterone did 
and was estimated as 15 per cent. The identity was substantiated by a 
mixed chromatogram with an authentic sample of adrenosterone. 


DISCUSSION 


Recent studies in vitro with rat tissues have shown that an extensive 
“inactivation” of corticosteroids (desoxycorticosterone, cortisone) occurred 
not only in liver but also in other tissues. This conclusion was drawn by 
determination of specific groupings of the molecule of the incubated ster- 
oids (26, 27) and through bioassays involving liver glycogen deposition (28, 
29). In the case of cortisone the kidney and spleen in addition to the 
liver have been found to be particularly active. Other experiments carried 
out by Louchart and Jailer with blood serum demonstrated an inactivation 
of 12 to 16 per cent of the steroid, which was considered an insignificant 
change in terms of the glycogenic assay employed (28). 

In the present work an 11 per cent reduction of cortisone by whole bo- 
vine blood has been demonstrated. The reduced steroids which appeared 
to be formed are generally considered to be devoid of the recognized cortin 
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activities (30).!° Whether these types of reduced derivatives exercise other 
biological functions is as yet unknown. It would also be of interest to 
extend incubation studies on a larger scale and with the use of human blood, 
which is the one abundantly available tissue of this species whose steroid 
metabolites have been so extensively elucidated in the urine. 

The influence of adrenal tissue on cortisone has been examined previ- 
ously. Schneider and Horstmann (27) noted a small decrease of the ster- 
oid in incubations with rat adrenal homogenates. In the perfusions of 
bovine adrenals described in this paper the disappearance of cortisone 
amounted to 29 per cent. Approximately 11 per cent could be accounted 
for as reduced derivatives. The possible sources where the loss of the re- 
maining 18 per cent may have occurred are (a) through adsorption to the 
tissue of the glands; (b) through conjugation to water-soluble products; 
(c) through formation of small amounts of steroids not detectable with the 
color reactions employed; or (d) through degradation of the steroid mole- 
cule. 

Of the reduced products of cortisone in this blood-adrenal system two 
substances were isolated and identified: allodihydrocortisone and tetrahy- 
drocortisone-(38,allo) or Reichstein’s Substance D. The dihydro com- 
pound appeared only in the extracts of blood which had been perfused 
through adrenal glands. The more polar reduced products were found in 
both the perfusates and blood incubations. Whether these fractions in 
the tetrahydro zone consisted of an identical single compound or unresolved 
mixtures was not ascertained. 

Tetrahydrocortisone-(38 ,allo) was first isolated in 1936 from beef ad- 
renal extracts by Reichstein (31). The 38,allotetrahydro derivatives of 
the other five “active” cortical hormones, exclusive of desoxycorticosterone, 
were also found (32). The corresponding allodihydro derivatives are not 
known from this source. However, they have been detected in these lab- 
oratories on various occasions after adrenal perfusion (e.g. from A‘-andros- 
tene-116-ol-3 ,17-dione (33) and A*-pregnen-17a-ol-3 ,11 ,20-trione (21-des- 
oxycortisone)'*), 

The instability of cortical hormones to heat, alkali, aluminum oxide, 
ether peroxides, etc., has been long recognized. However, the resulting 
transformations have been elucidated in only a few cases (34). In this 
communication the degradation of cortisone to adrenosterone by charcoal, 
heat, and ether peroxides under well defined conditions has been illustrated. 
This would support the opinion of Reichstein and Shoppee that adrenos- 


16 The tetrahydrocortisones 38, allo and 3a,normal, the normal dihydrocortisone, 
and dihydro ‘‘Compound F”’ have been found to be inactive in the 8 hour glycogen 
test at a level of 2.5 mg. per 100 gm. of rat. (G. Pincus, R. I. Dorfman, and A. Mer- 
rill, unpublished data.) 

16 A. S. Meyer, unpublished data. 
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terone isolated from beef adrenal extracts may be an artifact of the break- 
down of Ca steroids (32). Therefore it would be premature to interpret 
the small amounts of adrenosterone (and the other ‘‘17-ketosteroids’’), 
detected after adrenal perfusion and direct extraction, as metabolites of 
cortisone. In this connection, the recent demonstration that A‘-andros- 
tene-118-ol-3 ,17-dione can be formed by adrenal tissue (33, 25, 35) from 
Ci precursors should be recalled. 


The author wishes to acknowledge his appreciation to Dr. G. Pincus for 
the constant interest in his work. Mr. O. G. Rodgers rendered very help- 
ful assistance throughout the course of this investigation. Thanks are 
given to Dr. M. Hayano for help in writing the manuscript. 


SUMMARY 


1. Ethyl acetate has been found advantageous for the direct extraction 
of corticosteroids from blood. 

2. Incubation of cortisone and adrenosterone with bovine blood resulted 
in a reduction of the a,8-unsaturated ketonic grouping of these steroids. 
Essentially all of the reduction product of cortisone was accounted for by 
one or more substances which moved on paper chromatograms at a rate 
identical with that of the tetrahydrocortisones (3-OH ,5-H trans). 

3. Adrenal perfusion with cortisone in blood has led to the isolation of 
allopregnane-38 , 17a,21-triol-11,20-dione and allopregnane-17a ,21-diol-3 , 
11,20-trione. Other transformation products also appeared to be present 
in minute quantities. 

4. A degradation of cortisone to adrenosterone was shown to occur on 
treatment with charcoal or on exposure to ether peroxides or elevated tem- 
peratures (95°). Cortisone in the solid state was heat-stable. 

5. A preparation for adrenosterone from cortisone is described. 
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Highly purified preparations of prothrombin were described by Seegers 
and coworkers some time ago (1, 2). Interest in the kinetics of the inter- 
action of thrombin and fibrinogen (3-5) requires an understanding of 
thrombin; an examination of prothrombin was felt to be a primary step in 
this direction. Although purified prothrombin has been used extensively 
for research purposes, few examinations of the physical properties of pro- 
thrombin have been made. Since no significant increases in the maximal 
activities of such preparations have been reported, thus suggesting that the 
material of Seegers is of high purity, it was felt that such an examination 
was timely. The present communication is concerned with the physico- 
chemical properties of prothrombin. It includes determinations of ultra- 
violet absorption spectra, refractive index increment, partial specifie vol- 
ume, sedimentation constant, diffusion coefficient, intrinsic viscosity, and, 
in a preliminary form, the results of turbidity measurements. 


Materials 


Prothrombin—lIt is a pleasure to express our indebtedness to Dr. Walter 
H. Seegers for the preparations of bovine prothrombin. All were prepared 
according to methods described by Seegers and coworkers (1, 2). The ma- 
terials as received were dry flakes. Since the prothrombin solutions had 
been dialyzed before drying, they were salt-free. All were found to be 
completely soluble. Table I gives the lot numbers and the amounts and 
activities of each lot. With the exception of the experiments on ultra- 
centrifugation and diffusion, the amount of prothrombin available was not 
sufficient to make more than one significant run (e.g. partial specific volume, 
viscosity, etc.). 

The activities of one or two lots were checked by citrate activation (6) 
and found to be close to the activities as labeled. An individual ultra- 
centrifuge run was made on each lot at a concentration of 10 mg. of pro- 
thrombin per ml. (see Table I). The close similarity of all samples sug- 
gested that they be pooled for other work which required larger amounts of 
material for individual runs. When possible, the solutions remaining from 
one type of experiment were utilized for other types. 
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Buffer—A phosphate buffer having a pH of 7.0 and an ionic strength of 
0.15 was used. The phosphate contribution was 0.05, the remainder being 
sodium chloride. The composition of this buffer, as used previously (3-5), 
is detailed also for other pH values by Cohn (7) and Green (8). For all 
experiments except those involving the ultracentrifuge, the prothrombin 
solutions were dissolved in and dialyzed against this buffer at 5° for 24 
hours before use. 


EXPERIMENTAL 


Ultraviolet Absorptton—Measurements were made in a model DU Beck- 
man spectrophotometer with a quartz cell 1.0 cm. long. Fig. | shows the 
absorption spectrum of a solution at 0.561 gm. per liter. The specific 
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Fig. 1. Optical density of a solution containing 0.561 gm. of prothrombin per 
liter versus wave-length in millimicrons. 





extinction coefficient, determined at \ = 280 mu, was found to be 0.75 at 
which concentration is expressed in gm. per liter. A linear relationship 
between concentration and optical density was found over the usable range 
of the instrument. 

Refractive Index Increment—A Phoenix Precision Instrument Company 
differential refractometer was used. 1 ml. of solution and 1 ml. of solvent, 
which in this case had been carefully equilibrated with the solution, are 
required. The limiting sensitivity is about 3 X 10-° refractive index units. 
Measurements were made at \ = 486 my and 7’ = 25°. The prothrombin 
solutions were dialyzed as described under ‘‘Materials.”” The refractive 
index differentials corresponding to the concentrations 0.047 and 1.25 gm. 
per 100 ml. of solution were 0.893 X 10-‘ and 23.57 XK 10-*. These results 
lead to an increment of 1.89 K 10-*. 

Partial Specific Volume—We made measurements with 10 ml. pyeno- 
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meters and weighings to 0.1 mg. The procedure was essentially that de- 
scribed by Pedersen (9). Equation 1, used to calculate partial specific 
volumes, is 


1—- w, dm 


(1 — Vp) = 





(1) 


m du, 


where V is the partial specific volume, p is the buffer density, w; is the 
weight fraction of the protein, and m is the mass of the solution held by the 
pycnometer. A plot of m versus w; is shown in Fig. 2. From the first 
three points of Fig. 2 was calculated the corresponding straight line by the 
method of least squares. The slope of this line (dm/dw:) was found to be 
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Fia. 2. In determining partial specific volume, V, the slope of the line relating 
m, the mass of solution held by the pyenometer, to w:, the weight fraction of solute, 
is required. For prothrombin the slope of the line is 3.135. 


3.135. When used in Equation 1 along with the data for the second and 
third points, a partial specific volume of 0.70 is calculated. 

Sedimentation—A Specialized Instruments Corporation model E ultra- 
centrifuge equipped with a Philpot-Svensson cylindrical lens optical system 
was used. The center piece of the cell, situated 6.5 cm. from the center of 
rotation, was made of plastic (Kel-F) as supplied. Runs were made at 
w = 6.23 * 10** radians per second and were of approximately 2.5 hours 
duration. The temperature of the rotor during operation was determined 
as described elsewhere (10). Temperatures between 25-27° were used. 
Sedimentation constants have been corrected to a solvent having the char- 
acteristics of water at 20°. Since the refractive index gradient peaks were 
symmetrical, sedimentation constants were calculated from the displace- 
ments of the maximal ordinates. 
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Ultracentrifuge runs on individual lots were performed on 1 per cent 
solutions in the chosen buffer. The sedimentation constants for individual 
lots of prothrombin are shown in Table I. The constant as given repre- 
sents an average obtained by using the peak displacement for four or five 
time intervals during each run. The structure of each peak was examined 
for noticeable inhomogeneity. All lots were found to be similar. The 
close agreement between the sedimentation constants shown in Table | 
and the quality of the sedimentation peaks themselves suggested that all 
lots were identical. They were pooled at this point for further experi- 
mental work. 


TABLE I 


Sedimentation Constant of Prothrombin 

: : AES a 

= ; : ; Units per mg. | Prothrombin | <.3- i ~ 

Lot No. Total units X 10 tyrosine X 103 | caneenieneten ‘commen constant, § 


mg. per ml. 


510-128 382 23.7 | 10 | 4.86 

510-614 118 28.0 10 |. 4.9 

510-111 | 103 27.7 10 | 4.85 

510-124 260 32.3 | 10 | 4.79 

510-227 289 29.2 10 | 4.88 

510-228 100 27.5 | 10 | 4.84 

510-302 | 10 | 4.83 

510-119 210 ni | | 4.86 
AVETAZC .. 25000 10 | 4.85 2 0.05 

I Pooled 10 | 4.79 + 0.16 

Il «“ — | 4.83 + 0.08 

II “ a | 4 


91 + 0.18 


Prothrombin (22) contains 4.6 per cent tyrosine. 





Cecil and Ogston (11) have detailed a technique by which an accurate 
sedimentation constant may be obtained from a single carefully controlled 
run. In view of the scarcity of material this technique was used. A line 
was first obtained by plotting total peak displacement versus the quantity 


At! = wt ” sat(z) 
nT 


where 77 and 1 are the viscosities of water at the temperature used and at 
20°, At is the time interval between observations, and Z is the average 
radial peak position during the interval At. The slope of this line is the 
sedimentation constant. The standard deviation of the slope may be ob- 
tained by statistical methods (12). 
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The definitive run was conducted at a concentration of 0.5 per cent. 
The temperature varied from 26.6-27.3° during the run, determinations 
being made at each exposure. It should be noted that the temperature of 
the rotor decreases on acceleration (10) and that the temperatures meas- 
ured are those of the spinning rotor. The equation of the line obtained is 


A# = 4.59 X 10-¥At — 0.005 
Statistical analysis (12) of the nine points involved yielded 
S = 4.59 + 0.08 


which is the sedimentation constant in the solvent used but at 20°. To 
obtain the corresponding sedimentation constant in water at 20° this value 
of S must be further corrected for the change in viscosity due to the pres- 
ence of electrolyte, the change in solvent density with temperature, and 
the change in buoyancy of the protein itself with temperature (13). The 
resulting coefficient is given by 


_ ie, 1 — Vpw\/1 — V20p2 
ie sf ~ iat ~ a 
where V = partial specific volume, p = solvent density, s = solvent, w 
= water, and 7 = the average temperature of the run. The various 
values to be used in the last expression were obtained from Pedersen (9). 
The value of C was found to be 1.05, leading to a constant in water at 20° 
of S = 4.83. 

As shown in the last three rows of Table I, sedimentation constants were 
also obtained for prothrombin concentrations of approximately 1.0 and 
0.25 per cent according to the method just described. The average sedi- 
mentation constant for individual runs and the three constants for pooled 
material have been examined for a possible concentration dependence. No 
significant dependence was found. 

Boundary spreading of the peaks observed in the 0.5 per cent solution 
was used to estimate a diffusion coefficient (D). The correct base-line and 
correction for bar angle to be used in boundary spreading calculations were 
obtained in a manner similar to that described by Cecil and Ogston (11). 
Calculations were made from measurements of peak areas and maximal 
ordinates (see below). The value obtained from boundary spreading was 
D = 6.17 X 1077 sq. cm. per second (in water at 20°). The homogeneity 
of the material is shown by a comparison of this value with that obtained 
from diffusion runs, D = 6.24 X 1077 sq. cm. per second. 

Diffusion—A Pearson electrophoresis-diffusion apparatus equipped with 
a Longsworth schlieren scanning optical system was used. The cell has a 
2 ml. capacity and a solution depth of 1.5 em. and is one of the standard 











494 PHYSICAL PROPERTIES OF PROTHROMBIN 


types supplied by the Pyrocell Manufacturing Company. Mechanical 


compensation was used, no attempt being made to sharpen boundaries. A 
zero time correction of —79 minutes was calculated. 

The final run was made at 6° with a protein concentration of 0.5 per cent. 
The protein solution was dialyzed against its corresponding buffer for 24 
hours at 4-7° before use. The diffusion constant was calculated according 
to the method of area and maximal ordinate and also according to the 
method of moments (cf. (13, 14)). 
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Fig. 3. The diffusion coefficient is equal to the slope of the line obtained by plot- 
ting Y?2A?/4rH? versus time in seconds. Y is the over-all magnification factor, A is 
the area under the peak, and H is the maximal ordinate. For prothrombin at 0.5 
per cent and 6°, D = 4.68 X 1077 sq. cm. per second. 


Fig. 3 shows the results of the area-maximal ordinate method. The 
abscissa of Fig. 3 is the time in seconds; the ordinate, the quantity 


Y2A? 

4nH? 
where, as related to the final projection of the plate, Y is the over-all mag- 
nification factor, A is the area under the peak, and H is the maximal or- 
dinate. The diffusion coefficient is equal to the slope of the line of Fig. 3. 
The diffusion coefficient corresponding to the conditions of Fig. 3 is D = 
4.68 X 10-7 sq. cm. per second. For water at 20° as a solvent, D is 6.24 
X 1077 sq. cm. per second. 

Calculation according to the method of moments yields a value of D 
= 6.35 X 1077 sq. cm. per second. The ratio of the two diffusion coeffi- 
cients, 1.02, presumed to be a measure of homogeneity (13), suggests that 
the prothrombin be considered a single component. 

Viscosity—-A standard Ostwald-Cannon-Fenske viscosimeter having a 
discharge time of 216.5 seconds for water at 20° was used. Fig. 4 sum- 
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marizes the results. The intrinsic viscosity was obtained by extrapolating 
to zero concentration a plot of the specific viscosity divided by the concen- 
tration in gm. per 100 ml. of solution (ordinate) against concentration. 
From Fig. 4 the intrinsic viscosity is found to be 0.041. 

Light Scattering—An instrument constructed by Mr. Paul Gallop, towhom 
we are indebted for the preliminary runs described, was used. Scarcity of 
material prevented a more extensive analysis. In the concentration range 
of 0.035 to 0.1 per cent an extrapolation of the customary plot gave a 
molecular weight of approximately 80,000. Above 0.1 per cent a strong 
concentration dependence was observed. A reexamination is necessary, 


for the centrifugation technique used is not considered adequate to clar- 
ify solutions. 














0.07 T T T T 
g 0.06} 7 
cs 
0.05} pl 
0.04 : . 1 ; 
0.2 0.4 0.6 0.8 1.0 
Cc. 


Fic. 4. In the quantity nep/c, the concentration c is expressed in gm. per 100 ml. 
of solution. Extrapolating to zero concentration gives the intrinsic viscosity, [n], 
equal to 0.041 for prothrombin. 


DISCUSSION 


Insertion of the appropriate quantities, at 20°, into Equation 2 


_ RTS 10" i 
t= Tye 





gives a molecular weight (M) of 62,700. This result is at variance with a 


preliminary molecular weight (approximately 140,000) previously reported 
(15). 


From measurements of 5, D, and V may be calculated a frictional ratio, 
f/fo (13), according to Equation 3. 


f 1 — Vp A 
—| = | ———— 19" 0-8 ‘ 
Ps ( DSV ) xX 1 (3) 
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Here f is the frictional resistance of the hydrated particle and fo is the 
corresponding value for the anhydrous equivalent sphere. The frictional 
ratio may be conveniently divided into two factors: f/f., a hydration fac- 
tor, and f./fo, a shape factor, as described by Oncley (16) and given by 
Equation 4. 


tot 


2s (4) 


The frictional ratio obtained by hydrating a sphere has been calculated 


by Kraemer (9) to be 
f _ (WV: + Vi\i (5 
i. Vi ” 


where W is the gm. of water kinetically associated with each gm. of protein, 
and V2 and V; are the partial specific volumes of water and the protein. 
Equation 3 gives, for prothrombin, a ratio of 1.32. If the kinetic water 
is assumed to be W = 0.3, a reasonable value for many proteins (17), the 
frictional ratio f/f, is found to be 1.13 by Equation 5. The frictional ratio 
for shape alone (f./fo) is then 1.17 by Equation 4. Perrin (18) has calcu- 
lated the frictional ratios to be expected from particles having the shapes 
of prolate spheroids. Tables and graphs of expected frictional ratios are 
given by Edsall (17) and Lundgren and Ward (13). On this basis a shape 
frictional ratio of 1.17 corresponds to a ratio of major to minor axis of 3.7. 
If the kinetic water is as much as W = 0.8, the molecule would be spherical. 
The intrinsic viscosity is defined as 


] 
fn) =L (: a 1). 
c—0 \N c 


where c is expressed in gm. of protein per 100 ml. of solution. A similar 
quantity, v, the viscosity increment, is defined as 


1 
ae” (: . ) 
0 \no ? 


where ¢ is the volume fraction occupied by the particles as kinetic units. 
The relationship between [y] and » is 
100p . 
—__ ———— 6) 
Ve +W 

Approximating the particles by spheroids has allowed Simha to interpret 
v in terms of an axial ratio. A tabulation of corresponding values of v and 

axial ratios and a more detailed consideration are given by Edsall (17). 





cel 
fou 
the 


he 
val 
uC- 
by 


(4) 


cal. 


ilar 


its. 


pret 
and 





F. LAMY AND D. F. WAUGH 497 


Using [n] = 0.041 and V = 0.7 and assuming p = 1.0 and W = 0.3 (as 
done previously) in Equation 6 yield a viscosity increment of 4.0 which 
corresponds to an axial ratio of the kinetic unit of 3.4. 

The axial ratios obtained from sedimentation and diffusion (3.7) and 
from viscosity studied (3.4) are felt to be not significantly different. If a 
ratio of 3.5 is accepted as reasonable, it may be used in conjunction with 
the molecular weight and density (assumed to be the reciprocal of the 
partial specific volume) to calculate approximate values of particle length 
(!) and diameter (d), the values obtained being 1 = 119 A andd = 34 A. 

Flory and Fox (19) have related the molecular weight and intrinsic vis- 
cosity to a length J, in A, the average root mean square distance be- 
tween the ends of the molecule. Equation 7 shows this relationship. For 
rigid molecules / should indicate the length of the molecule. 


2.1 X 102 = (7) 


M{n) 
13 
On substituting M = 62,700 and [ym] = 0.041 1 is found to be 107 A, which 

is in reasonable agreement with the value given above. 

There is a striking similarity between the properties of prothrombin as 
determined here and those of human serum albumin which have been de- 
scribed by Oncley, Scatchard, and Brown (20). The constants given for 
human serum albumin are S = 4.6, D = 6.1 X 107, [yn] = 0.042, and V 
= 0.733. A molecular weight of 69,000 is calculated and, assuming 
W = 0.2, a length of 150 A and a diameter of 38 A. The constants ob- 
tained here for prothrombin are 8S = 4.84, D = 6.24 X 10-7, [n| = 0.041, 
and V = 0.70. A molecular weight of 62,700 and, with W = 0.3, a length 
of 117 A and diameter of 34 A are obtained. The relatively low partial 
specific volume may be in error or a reflection of the carbohydrate content 
of prothrombin (21). 

Prothrombin Activation—Prothrombin was activated by concentrated po- 
tassium citrate according to the method of Seegers (6). The concentration 
of prothrombin was 10 per cent and the citrate 25 per cent, the activation 
being accelerated by the addition of a small amount of thrombin. Activa- 
tion was allowed to proceed for 40 hours. On examination in the ultra- 
centrifuge essentially four components were observed: small fragments (7 
< 5000), a component having M ~ 15,000 (8.0 per cent), a component 
having M ~ 45,000 (32 per cent), and heterogeneous heavy materials. 

A separation cell capable of fractionating its contents at the end of a 
centrifugation was used to isolate selected components. The activity was 
found to be associated primarily with the peak having M ~ 45,000. Fur- 
ther details of activation will appear later. 
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For support of this research, the authors are indebted to the Medical 
Research and Development Board, Office of the Surgeon General, Depart- 
ment of the Army, Washington, D. C. (contract No. DA-49-007-MD-198), 
and to the Armour Laboratories, Chicago, Illinois. 


SUMMARY 


The physical properties of prothrombin preparations of Seegers and co- 
workers having activities in the range of 28 X 10+ units per mg. of tyrosine 
have been determined as follows: S = 4.84, D = 6.24 X 1077 sq. cm. per 
second, intrinsic viscosity, [yn], = 0.041, and partial specific volume, V,= 
0.70. These values lead to a molecular weight of M = 62,700. The ratio 
of the frictional resistance of the kinetic unit in solution to that of the 
anhydrous equivalent sphere may be calculated from 8, D, and V. A 
value of 1.32 is obtained. On the assumption that the kinetic unit con- 
tains W = 0.3 gm. of water per gm. of protein, a frictional ratio for hydra- 
tion alone of 1.13 is calculated. The frictional ratio due to shape is there- 
fore estimated as 1.17 and is interpreted, according to Perrin, as an axial 
ratio of 3.7 for a prolate spheroid as a model. The intrinsic viscosity leads 
to an axial ratio for the kinetic unit of 3.4. These values suggest that the 
molecule has a length of 119 A and a diameter of 34 A. With exception of 
the partial specific volume, all of the above values are similar to those 
obtained for human serum albumin. 
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THE COENZYME A TRANSPHORASE SYSTEM IN 
CLOSTRIDIUM KLUYVERI 


By E. R. STADTMAN 


(From the Section on Cellular Physiology, National Heart Institute, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, January 14, 1953) 


Koepsell, Johnson, and Meek (1) discovered that cell-free extracts of 
Clostridium butylicum catalyze the synthesis of butyryl P' from acetyl P 
and butyrate. A similar reaction was later observed in extracts of Clos- 
tridium kluyvert in which a rapid synthesis of propionyl P from acetyl P 
and propionate occurs, and the synthesis of higher acyl P compounds from 
the corresponding fatty acids occurs also, but at a very much slower rate 
(2). Koepsell, Johnson, and Meek suggested that butyryl P might be 
formed through a phosphoryl group transfer from acetyl P to butyrate. 
The possible réle of ATP as an intermediary in such a transfer was sup- 
ported by the demonstration (3) that extracts of C. butylicum catalyze the 
reversible phosphoryl transfer from ATP to acetate and butyrate; however, 
an obligatory réle of ATP or adenosinediphosphate in these reactions was 
excluded in the C. kluyveri system when it was found that the acyl P 
interconversion occurs under conditions in which the ATP-acetyl P reaction 
does not occur (2). 

Preliminary studies in F. Lipmann’s laboratory carried out in collabora- 
tion with M. Doudoroff indicated that the formation of propionyl P from 
acetyl P and propionate does not occur in the absence of CoA (4). The 
function of CoA in this acyl P interconversion has since been investigated 
and the results are reported in this paper. 

As working hypotheses, two possible reaction mechanisms have been 
considered. In Scheme I, CoA assumes the réle of an intermediate phos- 
phoryl group carrier between acetyl P and propionate (Reactions 1 and 2). 
The over-all Reaction 3 is the experimentally observed result. 





Acetyl P + CoA @ CoA P + acetate (1) 

CoA P + propionate = propionyl P + CoA (2) 

Acetyl P + propionate = propionyl P + acetate (3) 
ScueMe I 





! The following abbreviations are used: butyryl phosphate, butyryl P; propionyl 
phosphate, propionyl P; acetyl phosphate, acetyl P; acyl phosphate, acyl P; ortho- 
phosphate, Pi; acetyl coenzyme A, acetyl CoA; phosphotransacetylase, transace- 
tylase; coenzyme A, CoA; acyl coenzyme A, acyl CoA; tris(hydroxymethyl)amino- 
methane hydrochloride, Tris-HCl; adenosinetriphosphate, ATP. 
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Scheme II postulates that CoA serves as an acyl group carrier only. In 


this scheme acetyl CoA formed by reaction of acetyl P and CoA (Reaction 
4) undergoes a secondary reaction with propionate to give propionyl CoA 
(Reaction 5) which in turn undergoes phosphorolysis to give propiony! P. 


Acetyl P + CoA $s acetyl CoA + Pi (4) 

Acetyl CoA + propionate s$ propionyl CoA + acetate (5) 

Propionyl CoA + Pi = propionyl P + CoA (6) 
ScuEeMeE ITI 


The net result of Reactions 4 to 6 is the same as Reaction 3. 

Evidence presented in this paper shows that CoA functions by way of 
the latter mechanism. Reactions 4 and 6 are well established reactions 
catalyzed by transacetylase (2, 5,6). Reaction 5 represents a new type of 
chemical transformation involving the transfer of CoA from acetyl CoA to 
propionate. According to the suggestion of Barker (7) the enzyme catalyz- 
ing Reaction 5 is referred to as CoA transphorase. 


Methods 


Acetyl CoA was prepared enzymatically by reaction of CoA with acetyl] 
P (5) or chemically by reaction of CoA with sodium thioacetate as de- 
scribed by Wilson (8). The latter method has been used also for the 
preparation of butyryl CoA from sodium thiobutyrate and CoA. After 
3 hours, the reaction mixtures are acidified to pH 3.0 and the excess thiol 
acids are removed by extracting three times with 5 volumes of ethyl] ether. 
The acyl CoA compounds were isolated by paper chromatography with an 
ethanol-acetate solvent system as previously described (5). For some 
studies in which it was undesirable to have traces of acetate in the acyl 
CoA preparation, the acetate-ethanol solvent system was replaced with a 
solvent mixture containing equal parts of pyridine, water, and isopropanol. 
When the latter mixture was used, the acyl CoA solutions were adjusted to 
pH 7.0 + 0.2 prior to placing them on the paper for chromatography. 

Thiobutyric acid was prepared by reaction of phosphorus pentasulfide 
with butyric acid according to the analogous procedure described for the 
synthesis of thiolacetic acid (9). The product distilled at 132-135°. The 
composition calculated CsHsSO was C 46.12, H 7.74, S 31.6; found, C 
46.60, H 7.62, S 28.9 per cent. The acid equivalent weight was 104 
(theory, 104.12) and 1 equivalent of hydroxamic acid was formed by reac- 
tion with hydroxylamine under the conditions used by Lipmann and Tuttle 
(10). 


2 The use of this solvent system was suggested by Dr. F. Lynen (personal com- 
munication). 
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Acyl CoA compounds were sometimes determined by the hydroxamic 
acid method (5). Individual acyl CoA compounds in a mixture were de- 
termined by separation and quantitative determination of the hydroxamic 
acid derivatives (2). 

Acetyl CoA was determined spectrophotometrically by measuring the 
decrease in optical density at 232 my resulting from the arsenolysis of 
acetyl CoA in the presence of transacetylase (11, 12). 

CoA Transphorase—For the P® experiments to be described it was neces- 
sary to reduce the transacetylase concentration in order to prevent too 
rapid equilibration between acetyl P and orthophosphate (Reaction 4). 
This was accomplished by heating crude bacterial extracts at 60° for 30 
minutes (pH 6.7). The heated extracts (hereafter referred to as CoA trans- 
phorase preparations) contain less than 2 per cent of the original trans- 
acetylase activity and about 40 per cent of the CoA transphorase activity. 
For the P® experiments, the transacetylase activity was further inhibited 
by using high concentrations of sodium salts (13). 

Orthophosphate was separated from acyl phosphate esters by selective 
precipitation as the calcium salt (14). 

Acetyl P was separated from propiony] P as follows: 4 volumes of ethanol 
were added to the reaction mixture. The suspension was centrifuged to 
remove protein and excess salt. The supernatant liquid was transferred 
to an evaporation dish and concentrated to a volume of 0.2 to 0.4 ml. by 
placing under an air blower at room temperature. The concentrated solu- 
tion was streaked along the edge of a Whatman No. 3 filter paper and was 
chromatographed (4 hours) with a water-saturated phenol solvent system. 
The propionyl P (R», 0.42) and the acetyl P (Rr, 0.28) bands were located 
by spraying vertical strips of the chromatograms, first with a 2 m solution 
of hydroxylamine (pH 7.0) and then with a ferric chloride solution prepared 
by mixing equal volumes of 5 per cent ferric chloride (in 0.1 m HCl), 12 
per cent trichloroacetic acid, and 3 N HCl. The acyl phosphates were 
recovered by elution of the appropriate bands with water. 

Procedures used for the synthesis (15) and estimation of acetyl P (10), 
the preparation of a cell-free extract of C. kluyveri (16), the detection of 
acyl CoA compounds on paper chromatograms (5), and the preparation of 
transacetylase (13) were previously described. Various CoA preparations 
were obtained from-Dr. F. Lipmann and from the Pabst Brewing Company. 
The activity of the various preparations was determined by a modification 
(17) of the transacetylase procedure (6). 


EXPERIMENTAL 


Kffect of CoA on Acyl P Interconversion—The requirement of CoA for the 
synthesis of propionyl P from acetyl P and propionate is shown by the data 
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presented in Fig. 1. For this experiment a crude extract of C. kluyveri 
was used which had been treated with Dowex 1 hydrochloride to remove 
CoA (6). Propionyl P formation was measured by the quantitative chro- 
matographic procedure previously described (2). Fig. 1 shows that the 
rate of propiony] P formation is directly proportional to the amount of CoA 
added. Almost none was formed in the absence of added CoA. 

Evidence that the activation of propionyl P formation is due to CoA 
and not to some contaminant in the CoA preparation is presented in Table 
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Fria. 1. The effect of CoA concentration on the rate of prepionyl P formation. 
The reaction mixtures contained acetyl P, 30 uM; propionate, 50 um; orthophosphate 
(pH 7.2), 100 um; cysteine, 10 um; Dowex 1-treated enzyme, 30 mg.; CoA (70 units 
per mg.) as indicated. The final volume was 1.25 ml. Samples were incubated for 
60 minutes at 30°. 





I, which shows that activation by various CoA preparations of different 
purities is proportional to their CoA content. 

Propionyl P Formation in Presence of P*-Labeled Orthophosphale—To 
determine which of Schemes I and II might be correct, propionyl P synthe- 
sis was studied in the presence of P-labeled orthophosphate. Under these 
conditions the propiony! P will be unlabeled if Scheme I is correct, but, if 
Scheme II is correct, the propionyl P will have the same isotope content 
as the orthophosphate. 

To prevent rapid equilibration between acetyl P and orthophosphate, 
an enzyme preparation low in transacetylase activity (prepared by heating 
cell-free extracts at 60° for 30 minutes) was used. In a typical experiment, 
the heated enzyme preparation was incubated with acetyl phosphate, pro- 
pionate, and P*®-labeled orthophosphate. The experiment was terminated 
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by the addition of 4 volumes of ethanol and the propionyl P and acetyl P 
were separated by paper chromatography in water-saturated phenol, and 
the orthophosphate by precipitation as the calcium salt (14). As shown 


TaBLe I 
Influence of CoA on Propionyl P Formation from Acetyl P and Propionate 


CoA preparation CoA added Propionyl P formed 
"units per mg. sanits a ae ee 
0 0 | 0 
4.5 10 1.7 
16 10 1.4 
44 10 | 1.9 
70 10 | 1.9 
70 20 | 3.4 


The reaction mixtures contained acetyl P, 0.02 mM; propionate, 0.05 m; 
cysteine, 0.01 m; MgCl2, 0.0025 m; Tris-HCl buffer (pH 7.8), 0.1 mM; and Dowex 
1-HCl-treated extract of C. kluyveri, 25 mg. The final volume was 1.0 ml. 











TABLE IT 
Propionyl P Formation from Acetyl P and Propionate in Presence of P**-Labeled 
Orthophosphate 
| P22? after 30 min. 
Sample No. CoA transphorase* —_ eee eee 
Acetyl P | Propionyl P Orthophosphate 
a, | ayes pe - a eatin: pope | C.p.m. per uM 

1 20 7,500 100,000 124,000 
2 | 40 31,000 83 ,000 96 , 800 
3 40 26,500 82,500 94,000 
4 (Control) 40F 427 800 127 ,000 


The reaction mixtures contained initially acetyl P, 65 um; sodium propionate, 
50 um; sodium phosphate (pH 6.8), 50 um; cysteine, 10 um; sodium chloride, 500 um; 
CoA, 40 units; and CoA transphorase as indicated. The final volume was 1.0 ml. 
The samples were incubated at 30° for 30 minutes. 

* The CoA transphorase preparation was an extract of C. kluyveri (Lot N) that 
had been heated at 60° for 30 minutes. 

+ P**-labeled orthophosphate was added after incubation. 


in Table II, the isotope content of the acetyl P remaining at the end of the 
experiment was only one-tenth to one-third that found in the orthophos- 
phate. The specific activity of the propionyl P, on the other hand, was 
only slightly lower than that of the orthophosphate. The presence of only 
small amounts of P® in the acyl phosphates isolated from a control sample 
to which carrier P®-orthophosphate was added after incubation indicates 
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that the acyl phosphates as isolated from the paper chromatograms are not 
appreciably contaminated with orthophosphate. Since acetyl P and pro- 
pionyl P are not widely separated in the short time (4 hours) used to 
develop the chromatogram, the slightly lower specific activities of the pro- 
pionyl P samples as compared to those of the orthophosphate are probably 
due to contamination of the propionyl P with acetyl P. The appreciable 
isotope content of the acetyl P is probably due to the action of transacety]l- 
ase and (or) to reversibility of the acyl P interchange system. 

Propionyl P Formation in Presence of P**-Labeled Acetyl P and Unlabeled 
Orthophosphate—The data in Table III are from an experiment similar to 


TaBLe III 
Propionyl P Formation from Acetyl-P* and Propionate in Presence of Unlabeled 
Orthophosphate 


Reaction mixture P22 at end of experiment 





Orthophos- 


Acetyl P | Sodium Sodium | CoA trans- Propionyl P| Acetyl P | Propionyl P phate 


propionate | phosphate phorase* 


uM uM uM mg. uM C.p.m. per uM C.p.m. per uM c.p.m. per uM 


50 100 400 25 | 23,400 3700 1100 
50 100 400 25 20 ,600 2760 1950 
25 100 400 25 50, 100 760 720 
50 400 25 | 18,000 2240 


In addition to the compounds indicated, the reaction mixtures contained 10 um 
of cysteine and 40 units of CoA. The samples (1.0 ml., pH 6.9) were incubated at 
30° for 60 minutes. 

* The CoA transphorase preparation was an extract of C. kluyveri (Lot J) that 
had been heated at 60° for 30 minutes. 


that described above except the acetyl-P®” was incubated with propionate 
in the presence of a large excess of unlabeled orthophosphate. Under 
these conditions, the specific isotope contents of the propionyl P formed 
and the orthophosphate isolated after incubation were only 10 to 20 per 
cent of that of the residual acetyl P. The data of this experiment comple- 
ment those presented in Table IT in showing that the phosphoryl group of 
the propionyl P is derived almost exclusively from the orthophosphate. 
The results preclude Scheme I as a mechanism of acyl P interconversion, 
but they are compatible with the postulated Scheme IT. 

Propionyl CoA Formation from Acetyl CoA and Propionate—To determine 
whether an enzyme catalyzing Reaction 5 is present in extracts of C. 
kluyveri, an exhaustively dialyzed (phosphate-free) extract was incubated 
with acetyl CoA and propionate. After incubation, the acyl CoA com- 
pounds were converted to their hydroxamic acid derivatives (5) which 
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were isolated by paper chromatography. The results (Table IV) show 
that propionyl CoA, as measured by the formation of propionohydroxamic 
acid derivative, is formed under these conditions. No propionohydroxamic 
acid is obtained in the absence of propionate or enzyme. Since the reac- 
tion proceeds in the virtual absence of orthophosphate (0.5 y per ml.) and 
is not affected by the addition of orthophosphate, this substance is ap- 
parently not involved in CoA transfer. 

Experiments with C'-Labeled Butyrate—More direct proof for CoA trans- 
fer was obtained by the isolation of C'-labeled butyryl CoA as a product 
of the reaction between acetyl CoA and C"-butyrate. The experiment 
was as follows: acetyl CoA (1.3 um) and a large excess of C-labeled butyrate 


TABLE IV 


Propionyl CoA Formation from Acetyl CoA and Propionate 


Reaction mixture Products* 
Acetyl CoA | Propionate sediiabiais Orthophosphate Acetyl CoA Propionyl CoA 
uM uM meg. uM uM uM 
1.2 50 12 0.38 0.51 
1.2 50 12 3 0.31 0.56 
1.2 12 0.95 0 
1.2 50 Bs 0 


The samples (0.83 ml., pH 7.0) were incubated at 30° for 20 minutes. The CoA 
transphorase preparation was an extract of C. kluyveri (Lot N) which had been 
dialyzed for 18 hours against distilled water. 

* Determined by paper chromatography of hydroxamic acid derivatives (2). 


were incubated for 15 minutes with a CoA transphorase preparation. After 
incubation, the samples were acidified to pH 2.0 to 2.5 (orange to thymol 
blue) and heated at 100° for 5 minutes to inactivate the enzyme. The 
unchanged labeled butyrate was removed by extracting two times with 
5 volumes of ether, and then, following the addition of 0.1 ml. of butyric 
acid, reextracted three times with 5 volumes of ethyl ether. The acyl CoA 
and C¥ contents were determined on aliquots of the aqueous solution and 
the remainder was used for isolation of the acyl CoA compounds by paper 
chromatography with the pyridine-isopropanol-water mixture (1:1:1) as a 
developing solvent. The acyl CoA band (Rr, 0.36) was eluted from the 
chromatogram and acyl CoA and C™ measurements were made on the 
isolated material. The data presented in Table V show that the specific 
activities of the non-ether-extractable acyl CoA and of the acyl CoA eluted 
from the chromatogram are the same as those of the butyrate added ini- 
tially. Less than 10 per cent of the acyl CoA was present as acetyl CoA, 
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as measured by the specific transacetylase arsenolysis reaction. These 
results offer substantial proof that butyryl CoA is an end-product of the 
acetyl CoA-butyrate reaction (Reaction 7). 


Acetyl CoA + butyrate s butyryl CoA + acetate (7) 


Spectrophotometric Experiments—Since butyryl CoA is not readily at- 
tacked by transacetylase, acetyl CoA can be estimated in the presence of 
butyryl CoA by measuring the decrease in optical density at 232 my asso- 
ciated with the arsenolysis of acetyl CoA in the presence of transacetylase 
(11, 12). As shown in Fig. 2, A, Curve III, the addition of transacetylase 
and arsenate to a solution of acetyl CoA causes a rapid decrease-in optical 
density at 232 mu. No significant decrease is observed, however, with 


TABLE V 
CoA Transfer from Acetyl CoA to C'4-Labeled Butyrate 


| | Reaction mixture after ether | 
extraction 





Butyryl CoA from 





— CoA | Butyrate | C* of buty- 
added | 


added rate added is ris a 4 on chromatogram 
| | | BOP , | Cw (total) Butyryl CoA 
oe | ue lepmperuw| uw | cpm || wt bom. Der a 
0 | 13.4 | 112,000 | } 280 | | 
1.3 | 13.4 112,000 0.66 79,000 | 120,000 | 0.37 =| 122,000 
1.3 63.4 | 23,000 | 0.68 | 14,800 | 21,800 0.46 21,800 


The samples (1.1 ml.) contained 33 um of imidazole hydrochloride (pH 6.8) and 
were incubated for 15 minutes at 30°. 


acetyl CoA after preincubation with a CoA transphorase preparation and a 
large excess of butyrate (Curve I, Fig. 2, A). Butyrate, in the concentra- 
tions used, does not inhibit the arsenolysis of acetyl CoA by purified trans- 
acetylase preparations; therefore, the data of Curve I (Fig. 2, A) are 
interpreted as indicating that, in the presence of CoA transphorase and 
butyrate, acetyl CoA is used to form butyryl CoA (Reaction 7) which is 
relatively inert in the transacetylase system. 

A different result is obtained after preincubation of acetyl CoA with 
equimolar amounts of acetate and butyrate. As shown in Fig. 2, A, Curve 
II, the addition of transacetylase and arsenate causes an immediate (3 
minute) decrease in optical density equal to one-half that obtained with 
untreated acetyl CoA (Curve III). This rapid decrease in optical density 
is followed by a slower change which continues until the total density 
decrease is identical with that observed in Curve III. ‘The initial very 
rapid change in optical density during the first 3 minutes is a measure of 
the acetyl CoA present. This accounts for about one-half of the acety! 
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CoA added initially and probably represents the equilibrium concentration 
of acetyl CoA in the system containing equimolar amounts of acetate and 
butyrate. The slow secondary decrease in optical density is probably due 
to the arsenolysis of acetyl CoA which is regenerated from butyryl CoA by 
the reverse of Reaction 7. 

A set of similar experiments is described in Fig. 2, B, except that butyryl 
CoA was used in place of acetyl CoA. Curve I shows that transacetylase 
does not catalyze the arsenolysis of butyryl CoA. Incubation of butyryl 
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Fig. 2. The spectrophotometric analysis of the CoA transphorase reaction. A, 
each sample contained acetyl CoA, 0.12 um; imidazole hydrochloride (pH 6.8), 100 
um; CoA transphorase, 0.3 mg.; and, where indicated, acetate and butyrate, 50 um. 
The final volume was 3.0 ml. After 15 minutes (zero time on the figure) 20 um of 
arsenate and 1 unit of transacetylase were added. B, the conditions were the same 
as in A except that 0.14 um of butyryl CoA was used instead of acetyl CoA. In both 
A and B the initial optical densities of the reaction mixtures, as compared to refer- 
ence mixtures containing all reactants except the acyl CoA compounds, were 0.600 
to 0.685. 


CoA with acetate and CoA transphorase results in the stoichiometric forma- 
tion of acetyl CoA (Curve III), whereas in the presence of equivalent 
amounts of acetate and butyrate (Curve IT) about one-half of the butyryl 
CoA is converted to acetyl CoA. The two sets of data presented in Fig. 
2 thus indicate that the equilibrium constant of the reaction is approxi- 
mately 1.0. 

Specificity—The ability of the CoA transphorase system to catalyze the 
transfer of CoA to fatty acids other than butyrate was investigated by the 
analytical procedure described in Fig. 2, A. As shown in Table VI acetyl 
CoA disappears when incubated with saturated fatty acids containing 1 to 
8 carbon atoms or with vinyl acetate or lactate. No disappearance was 
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observed in the presence of acetoacetate, 6-hydroxybutyrate, glycolate, or 
caprate. The disappearance of acetyl CoA under these conditions is taken 
as evidence for the formation of the acyl CoA derivatives of the added fatty 
' acid. 

Since acetyl CoA is measured spectrophotometrically by the decrease in 
optical density at 232 my during a 3 minute period following the addition 








Taste VI 
CoA Tr ansfer from Acetyl CoA to Various Fatty Acids 
Fatty acid | Acetyl CoA disappearance 

- cent 
Lee Nea eee oar pdt Waianae 0 
DA 5, a ea a 15 
PN oie aly eons stereo de ee eter ee ee tny | 55* 
I 3265356 deseo bind Re’ Sti aiedivadg akin taal | 96 
RN, re Fon EEA nse «Sadan os aren ocand inc eas etoraes | 94 
Caproate..... BSN Blocks von aid ee Pe Mee rel 94 
COO) a ee Si POR wisectassybotnee Palen 58 
COCA) Al ee arg ea cr ih cere Rhine hc 0 
Winyl acetate... 5... d.4h 5:6... a 91 
Acetoacetate...... | 0 
Glycolate....... eyeie rat: 0 
B- a i eee penre RSet sca iey + 0 
ni AL Oe 60 
SMO erat ae ns ret hs 2 34d DRA 47 


Except where indicated, all venction maiseiaren contained 50 uM ‘of fatty acid, 0. 12 
uM of acetyl CoA, 100 uM of histidine hydrochloride buffer (pH 6.8), and 0.3 mg. of 
CoA transphorase. The final volume was 3.0 ml. After 15 minutes at room tem- 
perature (about 23°), the residual acetyl CoA was measured by the decrease in opti- 
cal density at 232 my during a 3 minute interval following the addition of 20 um of 
potassium arsenate (pH 6.8) and 1 unit of transacetylase. 

* Includes part of the propionyl CoA (see the text). 

{ Preincubated for 30 minutes in 1 ml. 


of transacetylase and arsenate, the failure to observe an apparent decrease 
in acetyl CoA by incubation with acetoacetate, 6-hydroxybutyrate, gly- 
colate, or caprate could be explained if the acyl CoA derivatives of these 
acids are also arsenolyzed in 3 minutes. Similarly, the apparently incom- 
plete conversion of acetyl CoA to the acyl CoA derivatives of propionate, 
formate, lactate, and caprylate could be explained if these acyl CoA deriva- 
tives are arsenolyzed at slower rates so that incomplete decomposition 
occurs during the 3 minute test period. These possibilities were tested by 
incubating the above acids with butyryl CoA and a CoA transphorase 
preparation to see whether substances are formed that are active in the 
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transacetylase system. Propionate was the only substance tested that led 
to the formation of an arsenolyzable acyl CoA derivative. 

Acetoacetate, glycolate, 6-hydroxybutyrate, and caprate, in the concen- 
trations used for the experiment described in Table VI, exert no inhibitory 
effect on the transfer of CoA from acetyl CoA to butyrate (Reaction 7). 
From this and the above experiments it may be concluded that these sub- 
stances cannot serve as CoA acceptors in the CoA transphorase system. 

The relatively poor synthesis of formyl and lactoyl CoA derivatives is 
probably due to a lower activity of these substances in the transphorase 
system. ‘This conclusion is supported by the fact that more of these deriv- 
atives are formed with longer incubation. 

The propionyl CoA formed by reaction of butyryl CoA with propionate 
is arsenolyzed at a rate about one-tenth as great as that observed with 
acetyl CoA. This is in agreement with the earlier observation (2) that 
propionyl P is arsenolyzed at a rate about one-tenth that of acetyl P. 
Since propionyl CoA is active in the transacetylase system, the value of 
55 per cent reported in Table VI for the disappearance of acetyl CoA in the 
presence of propionate is invalid. Probably most of the acetyl CoA was 
converted to propionyl CoA in this experiment. 


DISCUSSION 


Earlier experiments by Stadtman and Barker (18) showed that dialyzed 
extracts of C. kluyveri will not oxidize butyrate unless small amounts of 
acetyl P are added. It was suggested that acetyl P may serve as a source 
of high energy phosphate or acetyl groups needed in catalytic amounts to 
initiate the oxidation of fatty acids. In view of the results presented in 
this paper showing that extracts of C. kluyveri catalyze the reversible trans- 
fer of CoA from acetyl CoA to other fatty acids, it now seems possible that 
this represents the mechanism of fatty acid activation and that the acyl 
CoA derivatives of fatty acids are the immediate substrates for oxidation. 
The requirement of acetyl P in the oxidation of butyrate could then be 
explained through the coupling of Reactions 4 and 7. Such a mechanism 
of fatty acid oxidation has been considered in detail by Barker (7). 

Studies by Green (19) showing that succinyl CoA (but not acetyl CoA) 
is needed to catalyze the oxidation of fatty acids by animal enzymes suggest 
that a similar CoA transfer, involving succinyl CoA as a specific CoA 
donor, can be used for fatty acid activation in this system. 

Previous studies showed that the oxidation of saturated fatty acids by 
extracts of C. kluyveri is limited to fatty acids with 4 to 8 carbon atoms. 
Of several compounds at intermediate levels of butyrate oxidation, 7.e. 
acetoacetate, crotonate, 6-hydroxybutyrate, and vinyl acetate, vinyl ace- 
tate was the only compound that was readily reduced to butyrate or oxi- 
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dized to acetyl P and acetate. It appears significant that a similar specific- 
ity is observed in the ability of these compounds to serve as CoA acceptors 
in the CoA transphorase system. 

The observation that formyl CoA appears to be formed by reaction of 
acetyl CoA with formate is in confirmation of previous, more extensive, 
results of Lieberman and Barker (personal communication) demonstrating 


a CoA-dependent formation of formyl compounds from formate and acetyl 
P. 


SUMMARY 


Cell-free extracts of Clostridium kluyvert contain an enzyme system (CoA 
transphorase) that catalyzes the reversible transfer of CoA from acetyl 
CoA to other fatty acids. 

Saturated fatty acids with 1 to 8 carbon atoms, lactate, and vinyl ace- 
tate serve as CoA acceptorsin this system; acetoacetate, 6-hydroxybutyrate, 
glycolate, and caprate are relatively inactive. 
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University, Washington, D. C.) 
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In 1932, Quastel and Wheatley (1) measured oxygen consumption in 
chopped brain tissue to which various metabolites had been added. Glu- 
tamic acid was oxidized at a relatively slow rate. According to Krebs (2), 
who repeated and extended these studies, L-glutamic acid was the only 
amino acid which was capable of maintaining the respiration of slices of 
brain or retina. This observation was confirmed by Weil-Malherbe (3). 
Krebs (4) also indicated that the analysis of ammonia liberated from the 
amino acids was not adequate, since in some experiments no ammonia but 
amide nitrogen was found when glutamic acid had been added to the brain 
slices. Later, Edlbacher and Wiss (5) measured the ammonia produced 
when amino acids were incubated with brain homogenates because they 
observed that in some instances addition of the amino acid did not cause 
an increased oxygen consumption. According to these investigators, other 
amino acids besides glutamic acid (except glycine and histidine) were oxi- 
datively deaminated by brain. In comparison with the reactivity of glu- 
tamic acid, however, that of the other amino acids (particularly of the 
L forms) was small. The following study was undertaken to test the 
validity of these conclusions with the aid of 1-C'- and 2-C"-labeled glycine. 


EXPERIMENTAL 


Adult rats of the Sprague-Dawley strain weighing around 150 to 200 gm. 
were used. After these animals were sacrificed by decapitation, the entire 
brain (1.5 gm.) was immediately removed. Each brain was homogenized 
in either 2 ml. of 0.1 mM phosphate buffer (pH 7.4) or 2 ml. of standard 
medium (6) with a glass homogenizer, and incubated without delay. Ho- 
mogenates of liver and kidney were prepared in a similar manner, 1.5 gm. 
of tissue per 2 ml. of medium being used. In order to measure CO: 
production from labeled glycine, 0.2 ml. of distilled water containing 3.77 
X 10-3 me. of the labeled amino acid was introduced into a Warburg flask 
and allowed to dry. (Glycine-1-C", 1 me. per 0.79 mm, and glycine-2-C", 
| me. per 0.71 mM, were obtained from Tracerlab, Inc.) Then, 2.0 ml. of 


* Supported in part by a grant from the Damon Runyon Memorial Fund for 
Cancer Research, Inc. 
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the homogenate were added to the flask. A square of filter paper was 
placed in the center well containing 0.2 ml. of 5 per cent KOH to collect 
the C“O.. The flask was swept with oxygen and placed in the water bath 
at 37°. After incubation the filter paper was removed immediately and 
counted. 

For the study of the incorporation of the label into the protein fraction, 
the homogenates were prepared with standard medium and incubated with 
the labeled glycine in a Dubnoff shaker at 37° for 45 minutes. Then, the 
reaction was stopped by adding 5 ml. of 10 per cent trichloroacetic acid 
(TCA) containing 1 per cent inert glycine to remove traces of labeled 
glycine. The sample was centrifuged and the supernatant fluid decanted. 
The precipitate was washed three times with the trichloroacetic acid, then 
with 95 per cent ethyl alcohol, and finally with 1:1 alcohol-ether. After 
being dried, the sample was counted. 

Acetone powders of dog brain and rat liver were prepared as follows. 
The tissues were homogenized with a volume of acetone (— 10°) 5 times its 
weight in a Waring blendor, and then filtered until the powder was nearly 
dry. The powder was again homogenized with the cold acetone and fil- 
tered, this time to dryness. It was placed in a desiccator which contained 
H.SO,. After drying, the powder was sieved to separate connective tissue 
and stored in a deep freeze. All this work was done in a cold room. 


RESULTS AND DISCUSSION 


Table I depicts the increase in C“O, production from glycine-1-C" incu- 
bated with brain homogenates for an increased length of time. After 30 
minutes, the rate of acceleration declines. This production, however, is 
small if compared to that obtained with rat liver or kidney homogenates 
(Table II). From the data given in Table I it may be calculated that be- 
tween 0.0001 and 0.0004 of the administered glycine was oxidized. Hence, 
it is not unexpected that other investigators (1-3) could not detect any 
dissimilation of glycine by determining oxygen consumption or ammonia 
production (5). In this connection, it is of interest to note that Ratner 
and coworkers (7) claimed that they could not obtain an active glycine 
oxidase preparation from rat kidney while we observe a definite CO, 
production in that tissue. 

One may surmise that some of the capacity of brain homogenates for 
producing CO, is due to enzyme contained in blood, since blood itself 
elaborates C“O, when incubated with glycine-1-C“. However, one cannot 
say that the total activity of brain homogenates is due to the blood present 
in the brain. In an investigation on the amount of blood in tissue, Klein 
(8) showed that the concentration of blood in brain tissue is 0.030 ml. per 
gm. of tissue. When one considers that 2 ml. of blood incubated with 
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glycine-1-C™ produce 8.7 X 10-4 counts per count of administered dose, 
one can see that little if any of the metabolism is due to the presence of 
blood. 

From Table III, it may be concluded that the C" is eliminated as CO 
in the case of the carboxyl-labeled glycine but not (to any detectable degree 
in our experiment) in the case of the methyl-labeled glycine. Thus, these 


TABLE I 
C40. Production from Labeled Glycine-1-C'4 by Rat Brain Homogenate 








Counts C!'O2 produced X 100 
Counts administered dose 


Time of incubation 





min. 

15 Loe 
30 2.1 X 10°? 
60 3.2 X 10° 
100 4.0 X 10° 


Fach incubation flask contained 1.5 gm. of tissue suspended in 2.0 ml. of standard 
medium and 0.2 mg. (3.77 X 10-3 mc.) of glycine. The flasks were incubated for 
the indicated times. 


TaBLE II 
CO» Production from Labeled Glycine-1-C' by Various Rat Tissue Homogenates 


Counts COs produced X 100 





‘Tissue Counts administered dose 
Brain. cee bs yeha'> biotin eee 2.1 X 10°? 
Liver... ae & evaln cus WUE a 32.8 X 10°? 
Kidney . cs! cas Wesel dane Soe Meo 20.6 X 10°? 
BREN IES fa act Peeve ace a On ee 8.7 X 10°? 


Kach incubation flask contained 1.5 gm. of tissue suspended in 2.0 ml. of standard 
medium (except the flask which contained 2.0 ml. of fresh blood, drawn from the 
heart, in the presence of substrate only) and 0.2 mg. (3.77 X 10-3 mc.) of glycine. 
The flasks were incubated at 37° for 30 minutes. 


data on brain fit well with the observations of Barnet and Wick (9), who 
measured the CQO» expelled by the intact animal. 

The enzymatic activity is present in the residue rather than in the su- 
pernatant fluid when the brain homogenate is centrifuged. It is nearly 
completely abolished by carrying the reaction out in a nitrogen atmosphere 
or by drying the tissue as an acetone powder. In the latter case addition 
of flavin-adenine dinucleotide (FAD) does not restore the activity. (Rat- 
ner and coworkers (7) found that the prosthetic group of glycine oxidase is 
FAD and that it is easily removed when the acetone powder is made.) An 
effort to restore the activity by addition of triphosphopyridine nucleotide 
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TaBLeE III 


Influence of Various Factors on CO. Production from Labeled Glycine-1-C™ 








Conditions 





0.1 phosphate buffer, pH 7.4 
Standard medium alone 
Phosphate buffer with glycine-2-C" replacing glycine-1-C" 
Supernatant of homogenate after spinning at high speed, in phos- 
phate buffer 
Residue of homogenate after spinning at high speed, resuspended in 
phosphate buffer 
Phosphate buffer and nitrogen atmosphere 
rs “with 0.06 um FAD 
200 mg. liver acetone powder suspended in phosphate buffer 
200 “ce “cc “cc “ “ “ce “ “ 
with 0.06 um FAD 
200 mg. dog brain acetone powder suspended in phosphate buffer 
200 “cc “cc “ce “cc “ca ce iad “ iii 
with 0.06 um FAD 
Phosphate buffer with 3 um ATP, 10 um MgCle, and 6 uM sodium ci- 
trate 
Phosphate buffer with 0.3 um TPN 
ee as “« 3 uM L-glutamic acid and 0.3 um DPN 
gs Zo ‘* 3 uM L-glutamic acid and 0.3 um a-ketoglu- 
taric acid 
Homogenate in phosphate buffer treated with TCA before incuba- 
tion 











Relative 
radioactivity of 
CO: produced 


100 
60 
0 
15 


100 


32 


52 
83 
93 





Unless indicated, rat brain was used. Otherwise, conditions were identical with 


those given for Table II. 


Tasie IV 
Incorporation of Glycine into Protein Fraction 








Counts per gm. protein X 100 








ein Counts administered dose 
MPMI eerie Rin hts tired totes ek PE he be ee Malt, alee, 14.0 X 10-3 
Glycine-1-C" incubated with homogenate................ 18.6 X 10-3 
RTPI eS tes cys thc reed ha a, Sta peste ois hie (nt bi alscbiadyewhe, cid bial 5.80 X 10-3 
Glycine-2-C"4 incubated with homogenate................ 33.9 X 10-3 





Four experimental samples and one blank were run with each labeled glycine-1- 
C4 and glycine-2-C'". The value for the experimental samples is an average value. 
* Homogenate treated with trichloroacetic acid before incubation with glycine- 


1-C", 


{t Homogenate treated with trichloroacetic acid before incubation with glycine- 


2-C'4, 
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(TPN), diphosphopyridine nucleotide (DPN), and adenosinetriphosphate 
(ATP) was unsuccessful. 

Table IV gives data on the incorporation of the label into the protein 
fraction. While the methyl carbon of glycine is incorporated slightly, the 
carboxy] label is not used to a detectable degree. Anattempttorecover the 
labeled amino acids after hydrolysis of the proteins failed because of the 
low total activity in the protein fraction. 

Samples for chromatography were prepared by precipitating the proteins 
in the incubated homogenate of rat brain with trichloroacetic acid, cen- 
trifuging, and placing an aliquot of the supernatant fluid on Whatman 
No. 1 filter paper. By using phenol-water and butanol-propionic acid for 
the two-dimensional separation, chromatograms were obtained which show 
that the methyl carbon of glycine is incorporated into glutamic acid, an 
amino acid which is present in relatively high concentration in brain tissue. 
These results were not obtained when chromatograms of glycine-1-C" in- 
cubation extracts were prepared. 


SUMMARY 


Glycine-1-C"“, when incubated with rat brain homogenates, is metabo- 
lized as evidenced by the production of C“O».. The amount of glycine 
dissimilation, however, is very small. Experiments with glycine-2-C“ show 
that some of the methyl label goes to glutamic acid and some is incorporated 
into the protein fraction. No explanation for the appearance of the label 
in glutamic acid is offered. 
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In other publications (1, 2) we have summarized the data which indicate 
the existence of a relationship between the adrenal cortex and sulfur me- 
tabolism. In particular, the selective affinity of the adrenal for sulfur is 
shown by accumulation of this element in the cortex of rats and rabbits 
following cutaneous application or feeding of the colloidal form (3) and 
by demonstration of a rapid accumulation in the adrenal of radioactive 
sulfur derived from .L-cystine (4). Furthermore, oral administration of 
L-cystine to humans has significant effects on the urinary excretion of 17- 
ketosteroid and neutral reducing corticoid (5). In ‘the present investiga- 
tion, the accumulation of sulfhydryl in various tissues following the ad- 
ministration of L-cysteine, L-cystine, reduced glutathione (GSH), and 
control substances such as L-serine was studied by means of a modified 
amperometric technique. 


Materials and Methods 


Adult, male, Carworth Farms albino rats, weighing 200 to 250 gm., 
were used throughout. They were maintained on a diet of Purina fox 
checkers and water ad libitum. Food was withheld for 24 hours prior to 
the administration of the test substance. Adrenalectomized animals were 
operated on 3 days before use and were maintained on isotonic saline 
thereafter. 

The test substance was given by stomach tube and in certain instances 
by intraperitoneal injection as well. 1~-Cysteine hydrochloride, L-serine, 
and glutathione were brought to a nearly neutral pH with sodium hydrox- 
ide just before administration. L-Cystine was given as a suspension in 
isotonic saline. The control animals received an equal volume of isotonic 
saline by stomach tube. (Administration of L-serine served as another 


* This investigation was supported by a grant from the Division of Research 
Grants and Fellowships, National Institutes of Health, United States Public Health 
Service. 

+ Present address, Southwest Foundation for Research and Education, San An- 
tonio 6, Texas. 
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type of control, for this substance is identical with cysteine except that the 
sulfur atom of the latter is absent, being replaced by oxygen.) In the 
short term experiments animals were killed 3 hours after administration of 
the test substance, by a blow on the head; with t-cystine, sacrifice took 
place 24 hours after the last dose. 

The adrenals were removed rapidly, enclosed in parafilm, and weighed 
to the nearest 0.1 mg. The tissue was then ground in 2.5 or 5.0 ml. of 
2.5 per cent sulfosalicylic acid containing 0.5 per cent disodium ethylene- 
diaminetetraacetate in a medium size TenBroeck grinder.! This tissue 
emulsion was allowed to stand for 10 to 15 minutes in the refrigerator; it 
was then transferred to a centrifuge tube, centrifuged for 20 minutes, and 
the supernatant fluid used for titration. A slight turbidity did not affect 
the results. Fragments of liver and diaphragm weighing approximately 
100 mg. were treated in the same manner. 

Technique of Amperometric Titration—It has been pointed out by others 
(6) that the older methods for sulfhydryl determination, based on the 
titration of filtrates with oxidizing agents (iodine in particular), are sub- 
ject to a number of disadvantages. In certain tissues, particularly the 
adrenal cortex, the presence of substantial concentrations of ascorbic acid 
makes the usual iodometric methods unreliable. The manometric glyox- 
alase technique, which is specific for glutathione, is too involved for routine 
use. As a consequence, the technique of amperometric titration, as first 
described by Kolthoff and Harris (7), has been modified by several work- 
ers (6, 8) to make it suitable for determinations on a micro scale of tissue 
and blood extracts. In the course of our investigations, a number of 
difficulties were encountered which made the method poorly reproducible 
and quite time-consuming. In particular, the response of the platinum 
electrode was found to be highly variable, requiring the preparation of a 
considerable number of electrodes in order to select by trial and error one 
of suitable characteristics. Furthermore, it was necessary to check the 
characteristic response of the electrode frequently and to replace it by the 
same tedious method when it began to deteriorate. In addition, it 
seemed to us that the method might be made more specific for the sulf- 
hydryl group by the use of a sulfhydryl-binding agent such as p-chloro- 
mercuribenzoic acid. 

Apparatus—The special glassware! (mercury cell, sintered glass elec- 
trode) was prepared according to the directions of Kolthoff and Harris, 
whose technique for filling the cell and electrode was followed exactly. It 
is important to note that the rubber washer between the inner and outer 
parts of the glass electrode should be quite tight; otherwise potassium 
chloride solution will leak into the reaction vessel, precipitate on the sur- 


1 Obtained from the Emil Greiner Company, New York. 
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face of the rotating platinum wire, and change its electrical characteristics. 
A large bore stop-cock was inserted in the 6 to 8 mm. rubber tubing which 
forms the liquid bridge between the mercury cell and the glass electrode 
(Fig. 1). Great care must be taken in filling this tubing with potassium 
chloride solution to avoid inclusion of air bubbles. Incorporation of a 
T-tube closed by a pinch-cock can be used to simplify this procedure. In 
the rotating platinum electrode, also made according to the directions of 
Kolthoff and Harris, 19 gauge or larger platinum wire should be used; the 
bare metal should project 10 to 15 mm. beyond the glass. The rotating 
electrode is held in a pulley support! and mounted on a ring stand. The 
pulley is connected by a small belt to the reduction gear of an ordinary 
stirring motor.’ A rheostat to control the speed of rotation and a con- 


























ROTATING MERCURY 
ELECTRODE CELL 


Cl 
BRIDGE 


Fig. 1. Diagram of apparatus for amperometric titration. Resistance A is 4000 
ohms; resistance B is 50,000 ohms. 


stant voltage transformer are placed in the 110 volt line of the motor. A 
rotation speed of about 120 r.p.m. was found convenient, and with this 
arrangement no variation of speed occurred sufficient to affect the current 
stability. Both electrodes were adjusted to fit into a 250 ml. Pyrex 
beaker which served as the reaction vessel. 

The galvanometer was of much higher sensitivity than those previously 
employed. Either a Rubicon galvanometer or a General Electric instru- 
ment, type 32C-243-G9, with a sensitivity of 0.0032 ya. per scale division 
and a critical damping resistance of 3450 ohms may be used. An electrical 
circuit involving variable resistors of 4000 and 50,000 ohms (such as may 
be purchased at a radio supply store) was added to permit alteration of 
the critical damping resistance and to provide a resistance bridge which, 
in changing the total resistance of the external circuit, compensated for 
variations in the response of the rotating platinum electrode and permitted 
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changing its sensitivity at will. By this means it is possible to maintain 
the response of the platinum electrode so that 0.10 ml. of a 0.001 n AgNO; 
solution will cause a constant deflection of 15 to 20 galvanometer scale 
units. A change in the characteristics of the electrode or installation of a 
new electrode thus presents no problem, for the sensitivity can be kept 
constant with simple adjustments. As a matter of convenience, the power 
supply, rheostat, variable resistors, etc., may be mounted on a standard 
radio rack and panel. 

Reagents— 

1. Exactly 0.100 n silver nitrate solution, preserved with the usual pre- 
cautions. This stock solution is made up to 0.001 N just before use in a 
100 ml. volumetric flask. 

2. Sodium p-chloromercuribenzoate in distilled water, 0.001 N (346 mg. 
per liter). 

3. Supporting electrolyte. 30 gm. of reagent grade ammonium nitrate 
are added to a 250 ml. volumetric flask containing 125 ml. of concentrated 
ammonium hydroxide and 10 ml. of water, allowed to dissolve, and made 
up to volume with water. The supporting electrolyte is prepared by add- 
ing this reagent to absolute ethanol in the proportion of 1:29. 

Titration—When the apparatus is ready for use, 30 ml. of supporting 
electrolyte, conveniently dispensed from an automatic burette, are run 
into the beaker, and the motor is started. A small glass pipette, U-shaped 
at one end, is used to aspirate any air bubbles in the bottom of the glass 
electrode. The stop-cock in the liquid bridge is opened, completing the 
circuit, and the system is allowed to run until the galvanometer is stable, 
usually 5 to 10 minutes. A trial run to test sensitivity is made by adding 
0.1 ml. portions of silver nitrate solution to the electrolyte; there should be 
a 20 scale division deflection per addition. At the outset it may be advis- 
able to check the electrode against a standard sulfhydryl solution, and for 
this purpose a solution of glutathione (9.30 mg. per 100 ml. are equivalent 
to 1.0 mg. of sulfhydryl per 100 ml.) freshly prepared is suitable. If the 
standard is made with aqueous 0.5 per cent disodium ethylenediamine- 
tetraacetate and is kept under refrigeration, it is stable for 48 hours. 

To increase the specificity of the method, a “blank” titration with 0.001 
N sodium p-chloromercuribenzoate was introduced. The procedure for 
this blank titration is very simple. First, titration of 0.5 or 1.0 ml. of 
filtrate is carried out in the routine manner. The values so obtained are 
plotted on rectangular coordinate paper in the manner shown in Fig. 2. 
Extrapolation of the straight line to the zero ordinate indicates the volume 


? Obtainable from the Amend Drug and Chemical Company, 117 East 24th Street, 
New York. 
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of 0.001 N silver nitrate necessary for the titration. In the example given, 
this amount is 0.212 ml. Next, a fresh beaker of electrolyte is prepared, 
the same amount of filtrate is added, and then a volume of p-chloromer- 
curibenzoate solution is introduced which is 0.1 ml. greater than the amount 


of silver nitrate read off the graph of the previous titration. In the exam- 
ple given, 0.32 ml. was added. This mixture is allowed to react for a 


80} 
70-4 
60-4 
50-4 
40-4 


30-4 


GALVANOMETER DEFLECTION 


20-4 





. I r l T 
ie) 0.I 0.2 0.3 04 0.5 0.6 
ML. OF 0.001 N SILVER NITRATE 
Fic. 2. Sample titration for non-protein sulfhydryl in a sulfosalicylic acid filtrate 
of rat liver homogenate. 











minute or two, and is then titrated with silver nitrate as before. The 
chloromercuribenzoate specifically removes all the SH groups; hence the 
silver now titrates any non-specific silver-removing substances which may 
be present. The difference between the two titrations (in this case 0.18 
ml.) represents the amount of silver nitrate presumably used to remove 
only the SH groups in the solution. 

Following this titration, the electrodes are first rinsed in electrolyte to 
which some cysteine has been added (to remove residual mercuribenzoate) 
and finally with electrolyte from a wash bottle; the apparatus is then ready 
for the next titration. 
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Results 


Adrenal Sulfhydryl Concentration—The adrenal non-protein sulfhydry] 
concentration of the saline and L-serine-treated groups did not differ sig- 
nificantly (Table I), indicating that the non-sulfur moiety of the amino 
acid had no effect on the tissue sulfhydryl concentration. Upon oral or 
intraperitoneal administration of L-cysteine, however, there was a marked 


TABLE [ 
Sulfhydryl in Rat Adrenal 


























— SH eo l. ; 
: : 00 gm. Significance 
Treatment Poss tin eiamis teense a | "| wales , 

standard deviation) 
MUMIGIN GN GR ste cre A AOS hy iy ese cele bine aes 42 14.9 + 1.6 | 
u-Serine, 50 mg. per 100 gm..................... 6 15.8+2.7 | 0.4 
L-Cysteine, 50 mg. per 100 gm.................. 10 20.2 + 4.3 3.8 
Glutathione, 25 mg. per 100 gm................. 4 17.0 + 0.4 0.8 
L-Cystine, 10 mg. per 100 gm. orally for 26 days. . 8 18.0 + 3.5 120 

The bold-faced figures represent results statistically significant. 
Taste II 
Sulfhydryl in Rat Liver 
‘eine : oie | SH concentration, | ; f 
Treatment (4 rats in each experiment) Bn eo eck ‘were 

standard deviation) | 
RD OVUT ON eae PPAE PUG U 0301s, acocalcls Syd als 6 in osind Hae Sees eles Behe 23.4 + 3.4 | 
L-Serine, 25 mg. per 100 gm................... 00. eee ee 18.9+5.0 | 1.4 
L-Cysteine, 50 mg. per 100 gm........................05. 29.2 + 2.1 | 2.5 
Glutathione, 25 mg. per 100 gm.......................... 194+3.0 | 1.6 
u-Cystine, 10 mg. per 100 gm. orally for 26 days.......... 2.521.383 | 2.7 
L-Serine, 25 mg. per 100 gm., adrenalectomized.......... 14.6 + 3.0 | 
L-Cysteine, 50 mg. per 100 gm., adrenalectomized........| 22.5 + 9.7 | 2.0 
Glutathione, 25 mg. per 100 gm., adrenalectomized...... 14.8+ 1.0 | 








The bold-faced figures represent results statistically significant. 


rise in adrenal non-protein sulfhydryl amounting to 36 per cent. To our 
surprise, reduced glutathione in a smaller but still substantial dose failed 
to produce any increase in adrenal sulfhydryl. This, of course, cannot be 
interpreted as a lack of sulfur storage in the adrenal; it means only that 
no accumulation of free sulfhydryl groups occurred in the adrenal at 3 
hours. The possibility that oxidized glutathione (GSSG) may be accumu- 
lated is not excluded by the method used, and we are at present developing 
an amperometric technique for the determination of SS groups in order to 
explore this question. 
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In view of the studies of Lurie (3) showing adrenal sulfur accumulation 
after daily administration, it was decided to compare the result of pro- 
longed administration of a sulfur-bearing compound more physiological 
than colloidal sulfur. Accordingly, one group of animals was given a sus- 
pension of L-cysteine (10 mg. per 100 gm. of body weight) by gavage daily 
for 26 days. 24 hours after the last dose of L-cystine, the adrenals failed 
to show a statistically significant storage of sulfhydryl. 

Liver Non-Protein Sulfhydryl—Table II summarizes the data with re- 
spect to liver non-protein sulfhydryl, both in intact and adrenalectomized 
animals. Again, the intact fasted and the L-serine-treated animals show 
comparable concentrations of liver sulfhydryl. 1-Cysteine at the level of 
50 mg. per 100 gm. caused a substantial increase in sulfhydryl concentra- 
tion within 3 hours. Reduced glutathione, as in the adrenals, failed to 


cause any increase in free sulfhydryl groups in the liver within the same 
time interval. 


TaBLeE III 
Sulfhydryl in Rat Muscle (Diaphragm) 





| SH concentration, | rl 
Treatment (8 rats in each experiment) | mg. per 100 gm. Significance, 





tissue (average + ¢ value 

standard deviation) 

34) 28h. oes tay xe et 2] Saeed 

Controle: : fh. 12. OO a aE | 9442.1 
L-Cystine, 10 mg. per 100 gm. orally for 26 days......... | 7.9 + 2.8 1.2 


Prolonged oral administration of L-cystine for 26 days caused a statis- 
tically significant rise in the liver sulfhydryl concentration when measured 
24 hours after the last dose. 

Muscle Non-Protein Sulfhydryl—Diaphragm muscle was analyzed for 
free sulfhydryl only after chronic L-cystine treatment. The data of Table 
III indicate no accumulation of sulfhydryl in this tissue. 


DISCUSSION 


Control studies with L-serine give evidence that the amino acid molecule 
itself, without the presence of sulfur, exerts no effect on the non-protein 
sulfhydryl concentration of the tissues studied. If, instead, one adminis- 
ters L-cysteine, in which the SH group replaces the OH of serine, sulfhydryl 
accumulates in the adrenal and liver. On the other hand, SH adminis- 
tered as reduced glutathione does not cause accumulation of free SH; this 
has been noted previously by Binkley (9). As it is established that liver 
tissue is extremely active in the turnover of glutathione (10) and that 
radioactive sulfur is incorporated rapidly into GSH present in the liver, it 
is probable that the administered GSH is stored in some altered form. 
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Work is now in progress to determine whether or not it accumulates in 
liver and adrenal as GSSG. 

Further studies were carried out in adrenalectomized animals to test a 
possible influence of the adrenal on SH uptake by liver tissue. These ex- 
periments indicate that adrenal extirpation does not elicit (within 3 days) 
a decrease in the liver non-protein sulfhydryl. Nor is the behavior of the 
liver changed as far as the response to the administration of L-cysteine and 
glutathione is concerned; in the adrenalectomized animal cysteine causes 
the same increase in concentration of liver sulfhydryl, whereas in the 
adrenal there is again a failure to show a rise upon administration of 
glutathione. 


SUMMARY 


Administration of L-cysteine causes an accumulation of non-protein 
sulfhydryl in liver and adrenal within 3 hours. t-Serine, the sulfur-free 
analogue of cysteine, has no effect on the concentration of tissue sulfhydry]. 
Reduced glutathione does not cause any change in tissue sulfhydry]. 
These findings with respect to the liver are not affected by adrenalectomy. 

Repeated oral administration of L-cystine also produces an accumula- 
tion of free SH in liver, but not in adrenal or muscle tissue. It appears 
that both adrenal cortex and liver participate actively in the metabolism 
of sulfhydryl compounds, and the metabolic response of these tissues to 
the incorporation of SH-bearing material varies with the type of SH com- 
pound used. 

The reproducibility of the amperometric method for the determination 
of sulfhydryl groups can be materially improved by the incorporation of a 
variable resistance bridge in the circuit, and the chemical specificity made 
much greater by the use of a selective SH-removing reagent such as sodium 
p-chloromercuribenzoate. 
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Instructions to Authors 


1. Prior Publication 


Submission of a manuscript to the Editors involves the tacit assurance that no 
similar paper, other than an abstract or preliminary report, has been, or will be, 
submitted for publication. 


2. Form and Style of Manuscript 


Manuscripts should be typed with triple spacing throughout, and only the 
original copy should be submitted. Before being mailed to the Managing Editor, 
all errors in typing should be corrected, and the spelling of proper names and of 
words in foreign languages, the accuracy of direct quotations, and the correctness 
of analytical data, as well as of numerical values in tables and in the text, should 
be carefully verified by the author. Care in grammatical construction is essential; 
vague, obscure, or ambiguous statements must be avoided. As the Journal is 
read by chemists in foreign countries, technical neologisms and “laboratory slang” 
should not be used; when unavoidable, such terms should be defined. Variations 
from standard nomenclature and all arbitrary abbreviations should be explained. 
The forms of spelling and abbreviation used in current issues of the Journal should 
be employed, and for chemical terms the usage of the American Chemical Society 
as illustrated by the indexes of Chemical Abstracts should be followed. Separate 
sheets should be used for the following: (a) title page, (b) bibliography, (c) foot- 
notes, (d) legends for figures, (e) tables, (f) other inserts. All, except the title 
page, should follow the text, and the sheets should be numbered consecutively with 
it. The title page should carry the title of the paper, the authorship, and the 
name of the institution or laboratory of origin. 


8. Title 


The title should be as short as is consistent with clarity; in most instances two 
printed lines are adequate to give a clear indication of the subject matter of the 
paper. The title should not include chemical formulas, but chemical symbols may 
be used to indicate the structure of isotopically labeled compounds. A running 
title should be provided (not to exceed 38 characters and spaces). 


. * Organization of Manuscript 


A desirable plan for the organization of a paper is the following: (a) introductory 
statement, (b) Experimental (or Methods), (c) Results, (d) Discussion, (e) Sum- 
mary, (f) Bibliography. The approximate location of the tables and figures in 
the text should be indicated. 

(a) The introduction should state the purpose of the investigation and its rela- 
tion to other work in the same field, but extensive reviews of the literature should 
not be given. A brief statement of the principal findings is helpful to the reader. 

(b) The description of the experimental procedures should be as brief as is com- 
patible with the possibility of repetition of the work. Published procedures, unless 
extensively modified, should be referred to only by citation in the bibliography. 
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(c) The results are normally presented in tables or charts and should be described 
with a minimum of discussion. 

(d) The discussion should be restricted to the significance of the data obtained, 
Unsupported hypotheses should be avoided. 

(e) Every paper must conclude with a brief summary in which the essential results 
of the investigation are succinctly outlined. 

(f) The bibliography should conform in all details to the style used in current 
issues of the Journal. In the case of books, the author’s name with initials, the 
title in full, the place of publication, the edition if other than the first, the page, 
and the year of publication should be cited, in this order. Responsibility for the 
accuracy of bibliographic references rests entirely with the author; all should be 
confirmed by comparison of the final manuscript with the original publications. 
‘References to “unpublished experiments,” “personal communications,” etc., must 
be given in foot-notes, and not included in the bibliography. References to papers 
which have been accepted for publication, but have not appeared, should be cited 
like other references with the abbreviated name of the journal followed by the 
words “in press.” It is advisable that copies of such papers be submitted to the 
Editors whenever the findings described in them have a direct bearing on the paper 
whose publication is requested. 


5. Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be made by the use 
of formulas when these can be printed in single horizontal lines of type. The 
use of structural formulas in running text should be avoided. Chemical equa- 
tions, structural formulas, and mathematical formulas should be centered between 
successive lines of text. Unusually complicated structural formulas or mathe- 
matical equations which cannot conveniently be set in type should be drawn in 
India ink on a separate sheet in form suitable for reproduction by photoengraving 
(example, J. Biol. Chem., 181, 56 (1949)). 


6. Tables 


For aid in designing tables in an acceptable style, reference should be made to 
current issues of the Journal. A table should be constructed so as to be intelligible 
without reference to the text. Only essential data should be tabulated. Every 
table should be provided with an explanatory caption, and each column should 
carry an appropriate heading. Units of measure must always be clearly indicated. 
If an experimental condition, such as the number of animals, dosage, concentration 
of a compound, etc., is the same for all of the tabulated experiments, this informa- 
tion should be given in the text or in a statement accompanying the table, and 
not in a column of identical figures in the table. 

The presentation of large masses of essentially similar data should be avoided, 
and, whenever space can be saved thereby, statistical methods should be em- 
ployed by tabulation of the number of individual results and the mean values with 
their standard deviations or the ranges within which they fall. A statement that 
a significant difference exists between the mean values of two groups of data should 
be accompanied by the probability derived from the test of significance applied. 
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Only in exceptional cases, the necessity for which must be clearly demonstrated, 
may the same data be published in two forms, such as a table and a line figure. 


7. Illustrations 


The preparation of illustrations is particularly important, and authors are re- 
quested to follow carefully the directions given below. In case of doubt, the 
Editorial Office will gladly supply specific information. 

It is helpful to the Editorial Office if all charts and drawings are submitted on 
sheets 84 by 11 inches in size. Large size drawings or those much smaller than 
manuscript sheets are difficult to handle. 

Charts should be planned so as to eliminate waste space, yet be provided with 
sufficient margin for labeling and for instructions about reproduction. Curves 
that can be placed on one chart without undue crowding should not be given in sepa- 
rate charts. The drawings should be made on Bristol board, blue tracing cloth, 
or on coordinate paper printed in light blue. Mounting on heavy cardboard is 
undesirable. Photoengravings made from photographic prints are inferior to those 
prepared from the original drawings, which should, therefore, be submitted when- 
ever possible. If it is necessary to submit photographic prints, because of the 
excessive size of the originals, these should be carefully prepared. All parts of the 
chart should be in even focus, and rules and lettering should be fairly thick, as well 
as large enough for the necessary reduction. When oversized original drawings 
are submitted, a set of small photographic prints is convenient for the use of ref- 
erees. 

All charts should be ruled off on all four sides close to the area occupied by the 
curves, and descriptive matter placed on the ordinate and abscissa should not 
extend beyond the limits of these rules. Black India ink should be used through- 
out. Letters and figures should be uniform in size and large enough so that no 
character will be less than 2 mm. high after reduction (maximal page width 44 
inches). 

The scales used in plotting the data should be indicated by short index lines 
perpendicular to the marginal rules of the drawing on all four sides, unless more 
than one scale is used on the ordinates, at such intervals that interpolation will 
permit reasonably accurate evaluation of experimental points. Points of observa- 
tion should be indicated by symbols drawn with instruments. The significance 
of the symbols should be explained on the chart or in the legend. If they are not 
explained on the face of the chart, only standard characters, of which the printer 
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SARGENT 


POLAROGRAPH 


TRADEMARK REG, U. S. PAT. OFF. 


MODEL XXl 


Visible Chart Recording 


Uses are varied and many for 
the Sargent Polarograph 


1. For trace metal measurements in food products, in body fluids and 
in petroleum products. 

2. For the analysis of source materials and processed products for a 
variety of hormones and vitamins. 

3. For the identification and estimation of numerous substances of 
nutritional and biological regulatory function, supporting or replac- 
ing biological assay. 

4. For the determination of halides and sulfate groups by titration 
with a polarized electrode. 

§. For the analytical measurement of innumerable organic compounds 
containing reducible groups. 

6. For specific industrial controls such as the estimation of aldehydes 
in alcoholic products, the quantitative differentiation of sugars and 
the control of aging quality in sugars. 

7. For the measurement of dissolved oxygen, oxygen demand and 
metal ions in water and sewage. 

8. For many uncommon analyses for which classical procedures are 
unavailable, less accurate and slower. 

9. For the investigation and control of commercial reduction processes. 

10. For thermodynamic investigations relating to states of ionic aggre- 
gations; mobilities and diffusion rates, solubilities, reaction rates 
and equilibrium constants. 


$-29303 POLAROGRAPH—Model XXI Visible Chart Recording, Sar- 
gent. For operation from 115 volt 50/60 cycle circuits $1875.00 


SARGENT 












NEW SARGENT SCIENTIFIC LABORATORY INSTRUMENTS + APPARATUS + SUPPLIES » CHEMICALS 

CATALOG E. H. SARGENT & COMPANY, 4647 W. FOSTER AVE., CHICAGO 30, ILLINOIS 
MVM RaVeiiae MICHIGAN DIVISION, 1959 EAST JEFFERSON STREET, DETROIT 7, MICHIGAN 
SOUTHWESTERN DIVISION, 5915 PEELER STREET, DALLAS 9, TEXAS 
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Cit, Row P 
PHOTROMETER y 







sk A HOSPITAL CLINIC WRITES | 


“We find the Leitz Rouy-Photrometer 4 
indispensable in the fast, accurate 
work required in the smooth operation 
of a laboratory during clinic hours.” 


Again and again, unsolicited comments like the one above emphasize how 
the Photrometer speeds up routine clinical tests, while insuring maximum 
accuracy. Satisfied users repeatedly acclaim it as the most highly selective 
and accurate photoelectric colorimeter available. 

Operation of the Photrometer is surprisingly simple, requiring no special 
skills. All adjustments are made with a single control, and instantaneous 
readings are obtained in three easy steps. Unequaled for accuracy, the 
Photrometer cuts inherent functional error to within 0.1%. 

Eleven narrow pass band filters cover the spectrum from 415 to 640 
millimicrons, and a twelfth space is provided for special filters. Extra 
ruggedness is assured by a compensated microammeter, which gives a 
steady, unwavering reading at all times, regardless of vibrations. 

Before you buy any other colorimeter, be sure to see the Photrometer. 
See for yourself what a time-saving aid it can be in your own daily operations. 


Over 13,000 Leitz 
Photrometers and colorimeters 
now in use. 


For complete information, write Dept. C 
E. LEITZ, Inc., 468 Fourth Ave., New York 16, N. Y. 


LEITZ SCIENTIFIC INSTRUMENTS e MICROSCOPES e BINOCULARS 
LEICA CAMERAS AND ACCESSORIES 


indispensable” 
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630% solution Gretel) 








Bovine Albumin has been prepared to aid in 
certain procedures of blood typing; it is easily 
diluted to any desired concentration—tested 
and proved by actual application in labora- 
tories. Bovine Albumin is packaged in con- 
venient 5 cc. dropper bottles and 50 cc. vials. 
It is economical too: A few drops suffice for the 
test. Bovine Albumin is stable indefinitely. 








TAME 90% cere frotecn 
SOLUTION armour [mccacceancanseseaZ 








Protein Standard Solution (Armour) is a sterile 
solution of crystalline bovine albumin, designed 
to meet the requirements of a readily acces- 
sible standard for use in clinical laboratories. 
It is accurate because it is stable indefinitely 
and carefully standardized for nitrogen con- 
tent; economical because it is easily obtained 
and eliminates many tedious procedures; and 
convenient because it is superior to pooled sera 
and tohumanalbumin. Available in 3 cc. ampules. 


si a eee hail Bovine Albumin Fraction V Powder 
‘or further information, write to 


The Medical Department, The in 10, 50, 500 Gm. bottles. Economical source 
Athae} Uibditecies, 540 N. material for the preparation of special culture 
media for detailed bacteriologic investigation 
... for the separation of leukocytes. 





Michigan Ave., Chicago 11, Illinois. 





WAX THE ARMOUR LABORATORIES 
A DIVISION OF ARMOUR AND COMPANY « CHICAGO 11, ILLINOIS 
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t doing column chromatography? 


if it’s resolution yous ite after... which sampling is 
bound to be perer? 






10 fractions of 20 cc each or 200 fractions of 1 cc each? 


Break a given volume into many small fractions, rather 
than a few large ones, and you're bound to get sharper dif- 
ferentiation, higher resolution. 

Stands to reason . . . but how? The manual ‘‘bird-watching” 
method is tedious enough for a dozen-or-so collections: down- 
right impossible when ycu need hundreds. 

It's no trick at all though when you mechanize fractiona- 
tion with the Technicon automatic collector. You can run collec- 
tions either by time-flow, or, if utmost resolution is required, by 
drop count. Either way, all you have to do is mount the prepared 
column on the machine, set it for the desired number (up to 200) 
of samples of whatever volume you wish (from a single drop 
up to 28 cc). Then start it and go away. 

Come back hours later (or next morning) and find the job 
all done. Excess material beyond that required for the experi- 
ment is automatically diverted to waste when the machine turns 
itself off on completion of the collection. 


Tt technicon 


aioMait fraction collector 


Dept. W, 220 Liberty Street, Warren, Pa. 








There's a lot more you should know about this 

time-ond-labor saving instrument. You'll find it 

in a brochure you can get by writing 
TECHNICON CHROMATOGRAPHY CORP. 
215 East 149th Street, New York 51, New York 
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KIMBLE SERVES=— 
FROM SCHOOLBOY TO PH.D. 


SoMEWHERE, SOMETIME in these 
United States, a great many school- 
boys started their chemistry careers 
with simple Kimble school labora- 
tory equipment. 


Somewhere, today, some of those 
boys in laboratories conduct experi- 
ments to conquer polio, arthritis, 
cancer and other dreaded diseases. 
Others in industrial laboratories use 
Kimble’s high-precision laboratory 


glassware to penetrate the secrets of 
the unexplored for the advances in 
living we will enjoy tomorrow. 

Between the beginner and the 
Ph.D., you'll find Kimble laboratory 
glassware serving industry, education 
and science with the degree of pre 
cision requized by the work at hand. 

All that is part of Kimble’s contri 
bution to the nation in specialized 
glassware. 


Kimble Serves —with Glass 


KIMBLE GLASS COMPANY 


Toledo 1, Ohio— Subsidiary of Owens-Illinois Glass Company 
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MODEL PR-] 





Yi} wed 


Model 


ternational Refrigerated Centrifuge 


New International Model PR-1 Portable Refriger- 
Centrifuge embodies the many time-proven fea- 
s found in previous models and, in addition, in- 
orates important engineering improvements. The 
t is superior performance in the laboratory with- 
increase in cost. 








A new type of temperature controller enables the user 
to pre-select the operating temperature within the Cen- 
trifuge chamber. Temperature is controlled within +1" C 
and indicated on a calibrated dial. 








An autotransformer speed controller is provided with alter- 
nating current models, eliminating heating associa‘ad with 
the rheostat type of controller, and providing uniform, 
stepless speed control throughout the entire range. 








A new hinged panel provides easy access to all instru- 
ments and electric controls, thus facilitating maintenance. 








A hermetically sealed unit is substituted for the open 
type compressor heretofore used. This elimi trouble- 
some vibration caused by the action of the compressor 
and minimizes the possibility of gas leakage. 














Interchangeable accessories are available in wider variety, 
enhancing the usefulness of the Centrifuge. 














ind today for new descriptive Bulletin RC-1952 containing complete details and current prices. 





Y INTERNATIONAL EQUIPMENT COMPANY 


ny 1284 SOLDIERS FIELD ROAD, BOSTON 35, MASS. 
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A.H.T. CO. SPECIFICATION 





LABORATORY 
GAS METER 





6023-A. 


The Meter is latest Glover two-dia- 
phragm slide-valve dry gas type, spe- 
cially geared for laboratory use with 
soft conditioned leather bellows, 11 
inches diameter, to provide uniform 
travel of the large pointer with min- 
imum pressure. Accuracy is within 
16%, and, with proper care and per- 
iodic recalibration in the laboratory 
—which can be accomplished simply 
by displacing a known volume of air 
with tap water in a large bottle—pre- 
cision in use is close to that obtain- 
able with a wet test meter. 


| ARTHUR H. THOMAS COMPANY 


e@ An improved, portable, 
low resistance, 


direct reading model 





GAS METER, DRY TEST, 
LABORATORY MODEL, A. 
H. T. Co. Specification. For 
measurements of gas flow or gas 
volumes in basal metabolism by 
the Douglas bag method; for esti- 
mating pulmonary function; and 
also for urea determinations by 
the aeration method, etc. 

The dial is approximately 6 
inches diameter, graduated to | 
liter in 10 ml divisions, and con- 
tains four small cumulative dials 
which permit totalizing readings 
up to 10,000 liters. Other im- 
provements include side arms for 
attachment of corrugated rubber 
tubing 1-inch inside diameter, 
vertical openings for permanent 
attachment of thermometer at 
outlet side and of manometer at 
gas inlet to permit accurate ad- 
justment of gas volume, and a 
carrying handle. 


6023-A. Gas Meter, Dry Test Labora- 
tory Model, A. H. T. Co. Spec- 
ification, as ubove described, 
complete with threaded metal 
ecap-type closure for vertical 
opening of inlet fitting and 
solid rubber stopper for sealing 
vertical opening of outlet fit 
ting, but without thermometer 
or manometer... . 112.00 | 


Labnalny Afparalus and Kteagenth 


WEST WASHINGTON SQUARE 


PHILADELPHIA 5, PA. 


Teletype Services: Western Union WUX and Bell System PH-72 
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THE BINDING OF DIPHOSPHOPYRIDINE NUCLEOTIDE BY 
GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE* 


By SIDNEY F. VELICK, JOSEPH E. HAYES, Jr.t anp JANE HARTINGt 


(From the Department of Biological Chemistry, Washington University School of 
Medicine, St. Louis, Missouri) 


(Received for publication, September 15, 1952) 


Glyceraldehyde-3-phosphate dehydrogenase isolated from rabbit skeletal 
muscle and recrystallized several times is combined with diphosphopyridine 
nucleotide (DPN) (1). From measurements of the effect of dilution upon 
the specific activity of the enzyme-DPN complex no dissociation of the 
complex could be detected (2). That the complex was dissociable was 
inferred from the fact that the bound coenzyme could be removed by ad- 
sorption on activated charcoal. The present report is concerned with the 
stoichiometry of the combination of DPN with the enzyme and the dis- 
sociation of the complex. Previous discrepancies in the measurement of 
stoichiometry by different methods have been resolved and it is established 
that the recrystallized enzyme occurs as a complex with 2 equivalents of 
DPN. Since the dissociation of the complex in the presence of charcoal 
might have resulted from alterations in the protein induced by charcoal 
treatment, the dissociability of the complex has been tested by equilibrat- 
ing it with free DPN labeled with P®. Complete exchange of free and 
bound DPN was found to occur. The binding of DPN by the enzyme has 
also been studied by ultracentrifugal separation of the free and bound forms 
of the coenzyme. From the results of such experiments the combining 
capacity of the enzyme for DPN has been determined and the apparent 
dissociation constants computed. These experiments have revealed that 
charcoal treatment of the enzyme-DPN complex not only removes the 
bound DPN but also makes available a third DPN-binding site which is 
in some way blocked or inoperative in the untreated recrystallized enzyme- 
(DPN): complex. 


Methods 


Preparation of Enzyme—The enzyme was isolated from rabbit skeletal 
muscle and recrystallized several times by the method of Cori, Slein, and 
Cori (3). When the DPN-free protein was desired, a sample of crystals 


* This work was supported in part by a grant from the American Cancer Society 
on the recommendation of the Committee on Growth of the National Research 
Council. 

t Predoctoral Fellow of the United States Public Health Service. 
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was separated by centrifugation from the mother liquor and stirred with 
about 20 volumes of a 20 per cent suspension of washed charcoal (Norit 
A) in the desired buffer. The charcoal was removed by suction filtration 
and washed with a small volume of buffer. The washings were added to 
the clear enzyme solution. All operations were carried out in the cold. 
Purification of DPN—Crude DPN was purified by counter-current dis- 
tribution in phenol-water and in phenol-water-chloroform systems by the 
method of Hogeboom and Barry (4) or by ion exchange chromatography! 
on Dowex 50. Analysis of a sample of the coenzyme purified by the 
éounter-current distribution method is presented in Table I. The sam- 
ples purified by the ion exchange method were 94 to 97 per cent pure in 


TaBLeE I 
Analy lysis of ae Nucleotide 




















* Phosphorus* | 
; | Riboset Nicotinic acidt Adenine§ 
| Total Inorganic a | 
a | ammeattinsits | EE ee ra BS BS ey és 
| ier cent | per cent e per cent per cent per cent 
(os a | 9.35 0.0 | 45.2 18.4 | 20.4 
DOIN oc cs tec. bvsh ics | 9.34 0.0 42.0 17.0 | 20.0 





* Fiske and Subbarow (5). 

t Mejbaum (6). 

t Snell and Wright (7). 

§ Biological assay with adenineless mutant of Escherichia coli, carried out by 
Dr. L. F. Wicks. 


assays carried out spectrophotometrically after reduction by glyceralde- 
hyde-3-phosphate in the presence of the dehydrogenase and arsenate. 
P*®-Labeled DPN—The labeled DPN was isolated from bakers’ yeast 
grown on a medium containing P*-labeled potassium phosphate (Table IT). 
To the whole of Solution I plus 13 ml. of Solution II were added 1.5 me. 
of P*-labeled potassium orthophosphate and 16.7 gm. of moist yeast cake 
(5 gm., dry weight) as inoculum. The suspension was vigorously aerated 
and after } hour the addition of the remainder of Solution II was begun 
at such a re that addition was complete in 8 hours. The pH was ad- 
justed to about 4.3 at 3 hour intervals by the addition of ammonium hy- 
droxide. At the end of the growth period the cells were harvested by 
centrifugation and packed on a suction filter. The cells, about 55 gm. of 
a brittle, moist cake, were used as the inoculum for a larger culture. In 
the second culture the volume of the medium was scaled up proportion- 
ately to the increased inoculum. 6.1 me. of P*-labeled potassium phos- 


1 We are indebted to Dr. A. Kornberg and Dr. B. Horecker for supplying the de- 
tails of this method prior to publication. 
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phate were added. From the 162 gm. of yeast cake that were obtained the 
radioactive DPN was isolated by a modification of the method of William- 
son and Green (8). 

The crude nucleotide was chromatographed on paper strips with 70 per 
cent isopropanol in water as the developing solvent. Radioautographs of 
the chromatograms revealed four radioactive bands. Three radioactive 
bands were detected by electrophoresis of the crude nucleotide at pH 7.5 
on buffered paper strips, in a potential gradient of about 20 volts per cm. 
The DPN was purified by the counter-current distribution method (4). 
In Fig. 1 is shown the distribution curve of the radioactivity. Radioac- 
tive impurities were concentrated in the aqueous layers of Tubes 0 and 1 
and pigmented non-radioactive impurities were concentrated in the organic 
layers of Tubes 14 and 15. From the contents of Tubes 3 to 7 the DPN 








TaBLeE II 
Culture Medium Used for P3*-Labeled Yeast* 
Solution I Solution II 
Corn steep-water solidst | 3.0 gm.| Blackstrap molasses (beet) 75 gm. 
KH2PO, | 0.75 “ (NH4)2SO, pad 
Tap water to 300 ml. 


Tap water to | 900 ml. | 
| 


*20 gm., dry weight, of yeast will grow from a 5 gm. inoculum in the 
above amount of medium in 12 hours. 

t+ Commercial corn steep-water solids are dissolved in sufficient hot water and 
brought to pH 7.5 with NH,OH. The phytin fraction that separates is collected and 
discarded. 


was isolated as a white powder. The purified coenzyme migrated electro- 
phoretically and on isopropanol-water chromatograms as a single radioac- 
tive band. The reagents of Huff for the fluorometric determination of 
DPN in solution (9) were applied to the paper strips as a spray. The flu- 
orescent bands which appeared under a mercury arc after heating the 
strips coincided with the radioactive bands. The ratio of the optical 
density of a solution of the DPN at 260 muy to that at 340 muy after en- 
zymatic reduction was 2.9. The corresponding ratio of the best samples 
of DPN that we have prepared is 3.1. From these results it was con- 
cluded that the DPN was of reasonable optical and radioactive purity. 
Potassium chloride, which had been introduced to decrease emulsification 
during the counter-current purification, was present, but, since it did not 
interfere with the use of the coenzyme, it was not removed. ‘The yield of 
DPN from the 162 gm. of yeast cake was about 4 mg. and the specific 
activity 1 week after beginning the culture was 29,000 c.p.m. per uM 
counted as a dried film under an end window counting tube (window, 2 
mg. per sq. cm.). 
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Measurement of DPN Exchange—A solution of the enzyme-(DPN)2 com- 
plex and free radioactive DPN in known concentrations was treated with 
saturated ammonium sulfate adjusted to pH 8.4 with ammonia. The re- 
sulting solution was 85 per cent saturated with ammonium sulfate. The 
precipitated complex was removed by centrifugation in the cold. This 
served to separate the free and bound forms of DPN. The precipitate 
was dissolved in water and reprecipitated as before from the same final 
volume of solution until the activity in the supernatant solutions was 
constant. Radioactivity measurements on aliquots from each superna- 

















TUBE NO. 


Fig. 1. Fifteen transfer counter-current distribution of P*%?-labeled DPN in the 
system water-phenol-chloroform. Water-soluble impurities (radioactive) accumu- 
lated in Tubes 0 and 1. Organic-soluble impurities (non-radioactive pigment) ac- 
cumulated in Tubes 14 and 15. 


tant solution were carried out directly from the liquid in a thin walled 
annular cell which jacketed a thin walled counting tube. The counts ob- 
tained in this way were greatly reduced by adsorption but it was necessary 
to use this method because of the large amount of ammonium sulfate 
present. The extent of the DPN exchange was calculated from the cor- 
rected DPN activities in the supernatant solutions and the radioactivity 
of DPN in the final protein precipitate. 

Ultracentrifugal Separation and Analysis—Buffered solutions of the en- 
zyme and DPN in known concentrations were measured into 12 ml. :plastic 
centrifuge tubes and brought to a final volume of 2, 3, or 4 ml., as desired, 
by addition of buffer. The remaining volumes of the tubes were filled 
with mineral oil to prevent collapse of the tubes during ultracentrifugation. 


6 a pea 








Yin 


b- 








S. F. VELICK, J. E. HAYES, JR., AND J. HARTING 531 


This served also to minimize mechanical remixing. The tubes were then 
capped and spun at 50,000 r.p.m. in the precooled preparative rotor of the 
refrigerated Spinco ultracentrifuge, model E. Centrifugation was carried 
out for 1.5 to 3 hours at 0-5° and the rotor was allowed to stop without 
use of the brake. Three consecutive layers of the solutions were then re- 
moved with a rubber-bulbed capillary pipette with an upturned tip. The 
layers were then subjected to analysis. 

Concentration disturbances occur in the lower layers of the tubes but as 
a first approximation the boundary moves through an essentially constant 
medium. Virtually all of the protein is obtained in the bottom third of 
the solution. The free DPN establishes a small concentration gradient 
for which corrections can be made from control tubes which contain DPN 








TaBLeE IIT 
Molar Extinction Coefficients X 10-4 
Substance | 260 mp | 276 my | 280 my | 340 my 
_ a “rTM oh — — oa] ve ogeneneeneenieees 
ON ale scius SAS ve ote | 1.96 | | 0.438 | 
DIP INGE oo ist as cae 1.75 | 0.488 0.629 
Ensyme-(DPN)st...........- 10.75 | an i 
| 35a 
| 


eM olin dss | 6.41 





* The DPNH was prepared by the method of Ohlmeyer (10). The standard ex- 
tinction coefficient at 340 mu is that of Ohlmeyer (10) and of Horecker and Korn- 
berg (11). 

+ The extinction coefficients of the enzyme and of the enzyme-(DPN)2 complex 
were based upon the corrected dry weights of dialyzed solutions and were referred 
to a molecular weight of 120,000. The value obtained by Taylor from sedimentation 
and diffusion measurements was 118,000 (12). 


but no protein. The decrease in DPN concentration in the top layers re- 
sulting from its own sedimentation is of the order of 5 per cent under the 
conditions employed. DPN control tubes were run routinely at several 
concentration levels. 

Ultraviolet absorption spectra were measured on each layer from 250 to 
290 mu. In this region the absorptions of DPN and protein are additive. 
Differential analyses were calculated from optical densities at two wave- 
lengths by using the known molar extinction coffficients and solving the 
appropriate simultaneous equations. If ,D, and .D» are the contributions 
at wave-length a of DPN and protein, respectively, to the optical density 
of the mixture, and if ,D, and ,D,2 are the corresponding quantities at 
wave-length b, then the expression for the contribution of DPN at wave- 
length b is 


bDo/E2 iat aDo/aE2 


Pr = Ry/sE1/eE, — VeEs) — (1/sE, — 1/sE) 
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where the subscript 0 designates the observed optical densities and FE rep- 
resents the molar extinction coefficient (Table III). Analyses by this 
method are good over a wide concentration range if the enzyme and DPN 
are optically pure. In the presence of substances such as cysteine which 
absorb appreciably in the 260 to 280 my region the DPN may be deter- 
mined, after enzymatic reduction with glyceraldehyde-3-phosphate, from 
the change in optical density at 340 my. For this purpose fructose-1 ,6- 
diphosphate and a few micrograms of aldolase were used as a source of 
substrate. When such measurements were carried out, arsenate was used 
as the buffer in the ultracentrifugation. Of the two methods the reduc- 
tion procedure is more specific but less sensitive. In concentration re- 
gions where the two methods overlap they are in good agreement. 


Results 


Composition of Enzyme-DPN Complex—lIn successive crystallizations the 
absorption maximum of the enzyme shifts from 268 to 276 mu at which it 
remains constant through the tenth crystallization (Fig. 2). When the 
enzyme is treated with charcoal, the maximum shifts to 280 mu and there 
is a large decrease in absorption in the 260 my region resulting from the 
removal of bound DPN. Addition of 1 equivalent of DPN brings the 
maximum back to 278 my and 2 equivalents of DPN bring the maximum 
to 276 my at which the resulting absorption band is in coincidence with 
the original recrystallized complex. From the composition of the recon- 
stituted mixture which duplicates the spectrum of the recrystallized com- 
plex it may be concluded that the complex contains 2 moles of DPN per 
mole of protein. The same result is obtained when the bound DPN is 
assayed by enzymatic reduction and measurement of the change in optical 
density at 340 mu (Table IV). Previously reported values for bound 
DPN, obtained by enzymatic reduction (1, 2) and by the ultracentrifugal 
separation method (13), were too low because the extinction coefficients 
upon which the protein concentrations were based were inaccurate. 

Exchange of Bound DPN with Radioactive-Free DPN—The results of the 
exchange experiments by the precipitation method are shown in Table V. 
Some free DPN is trapped in the first precipitate but is removed by re- 
precipitation. The radioactivity in the supernatant solution reaches a 
constant residual value which is assumed to represent incomplete precipi- 
tation of the enzyme. The total activity of the free DPN is then the sum 
of the activities in the four supernatant solutions minus 4 times the final 
residual activity in the supernatant solution. The radioactivity of the 
final precipitate plus 4 times the final residual activity in the supernatant 
solution is the activity of the total bound DPN. The ratio of the activi- 
ties of the free and bound DPN obtained in this way approaches the ratio 
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Fig. 2. Absorption spectra of glyceraldehyde-3-phosphate dehydrogenase. Curve 
0, Norit-treated enzyme; Curves i, 2, and 3, the same concentration of Norit-treated 
enzyme as in Curve 0 but with 1, 2, and 3 equivalents of added DPN, respectively. 
A, Curve 2, the untreated enzyme-(DPN)2 complex recrystallized four times; MH, 
Curve 3, the first crystals .of the enzyme. The lower curve is the contribution of 2 
equivalents of DPN. 

















TABLE IV 
Enzymatic Assay of Bound DPN 
Preparation Enzyme males pet gpygt_ | DPN; moles per DPN. 
1 0.375 | 0.503 | 0.80 2.13 
2 0.4144 | 0.622 | 0.88 | 2.00 
3 | 0.215 0.284 | 0.45 | 2.09 
4t | 0.318 0.016 | 


0.025 0.08 
1 


* Calculated from optical density at 280 mu. 

+ The test system contains cysteine, 0.001 mM; sodium arsenate, pH 8.4, 0.05 m; 
aldolase, 0.1 mg. per ml. The zero reading was taken at 340 my at a volume of 0.90 
ml. and 0.10 ml. of hexose diphosphate, 0.1 M, was added. Corrections were applied 
to the zero reading for dilution and for the blank from the hexose diphosphate. 

{ Preparation 4 was treated with Norit to remove the bound DPN. 
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of the concentrations of free and bound DPN in the original solution. 
Exchange, therefore, occurred which, within the relatively large limits of 
error of the method, approached completion. 

DPN Binding—Experiments in which the enzyme-(DPN): complex was 
sedimented alone and in the presence of added DPN are summarized in 
Table VI. These experiments were carried out both in the presence and 
absence of cysteine and the DPN analyses were obtained, respectively, by 
enzymatic reduction and by optical density measurements at 260 and 280 
my. It is to be observed that in neither case was any appreciable amount 
of extra DPN bound by the sedimented protein. From the concentrations 
employed, no additional DPN-binding sites with a dissociation constant 


TABLE V 
Exchange of Enzyme-Bound DPN with Radioactive DPN in Solution 








Precipitation No. 


| 1 | 2 | 3 Py 

| c.p.m | c.p.m | c.p.m. | c.p.m. 
Supernatant solution............. 450 103 55 | 57 
TES ORES | | | | 455 





The initial solution contained 0.117 um of protein, 0.234 um of bound DPN, and 
0.133 um of P-labeled free DPN. Each precipitation was made from 3.0 ml. of final 
volume of solution. Radioactivity measurements were made on 2.5 ml. aliquots 
and corrected to 3 ml. 

Radioactivity, bound DPN = 455 + (4 X 56) = 679 c.p.m.; free DPN = 665 — 
(4 X 56) = 441 c.p.m. Free DPN/bound DPN = 0.133/0.234 = 0.57; free counts/ 
bound counts = 441/679 = 0.65. 


smaller than 10~* mole per liter were available in the recrystallized en- 
zyme-(DPN),2 complex. The enzyme employed in these experiments ex- 
hibited about 500 per cent greater activity in the presence than in the 
absence of cysteine. From the observed results the activation by cysteine 
cannot be attributed to an increase in the binding capacity of the enzyme 
for DPN. The smallest values of K’ppy, the apparent dissociation con- 
stant of the enzyme-(DPN).2 complex, that have been obtained from ex- 
periments of the type shown in the first column, Table VI, have varied 
between 2 and 4 X 1077 mole per liter. The presence of dissociable im- 
purities of a nucleotide nature would make the apparent dissociation con- 
stants too high. The lowest values obtained are therefore upper limits. 
The binding of DPN by the charcoal-treated enzyme is described in 
Table VII. The charcoal-treated enzyme binds added DPN strongly. 
However, in contrast with the untreated enzyme, saturation is reached with 
3 rather than 2 equivalents of bound DPN. This unexpected result is ob- 
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tained whether the binding is studied in the presence or absence of cysteine. 
The molar extinction coefficients employed in the analysis have been 
checked. They are, in fact, the only ones compatible with the finding of 
2 equivalents of DPN in the recrystallized complex. 


TaBLe VI 
Equilibration of Enzyme-(DPN):2 Complex with Free DPN 





Initial concentrations, moles per 1. X 104 


he eh 1 eS 


TOBE NGt a. oesccsy ences sarges 1 | | 

| | | 
Enzyme-(DPN)s.............-- 0.318 | 0.318 | 0.000 | 0.132 | 0.000 | 0.512 | 0.000 | 0.512 | 0.000 
Free DPN added............... 0.000 | 1.94 | 1.94 | 0.528 Fe 528 | 4.05 | 4.05 | 5.07 | 5.07 











Analysis of top layers after ultracentrifugation 








Method I, log (io/i) Method II, Alog (io/i) 
VO a ESE Pe 0.198 | 3.55 | 3.57 | | | 
Sag RRL eRe ok | 0.326 0.326 | 02.38 | 244 | 2.93 | 2.99 


TRO Ew csvadcuptncknoncisa tiene 0.114 | 0.846 0.80 





| | pe 
DPN, moles per l. X 104. 0.078, 1.80 |1.82 |0.5180.518) 3.78 3.88 | 4.66 |4.75 
Enzyme, moles per l. X | 
| a ae Fan ee Se oe ee 0.007! 0.005/0 .000)0.003, | 0.006! 0.006 


Extra DPN bound | 
ica it: —0.24 eis 0.00 +0.02 +0.17 | 














“Tubes 1to3 eontained 0.05 M potassiam phosphate, pH 7.6, and no cy wteine. The 
DPN concentration in the presence of protein is calculated from optical density 
measurements at 260 and 280 my by the relation ((0.156D269 — 0.087Do29)/0.136) X 
1/1.96. A small amount of dissociation is seen in Tube 1. The concentration of 
the free added DPN bound in Tube 2 is given by difference between the observed 
DPN concentrations in the top layers of Tubes 2 and 3. The dissociation observed 
in Tube 1 is suppressed by the added DPN. Tubes 4 to 9 contained 0.05 m sodium 
arsenate, pH 7.6, and 0.003 m cysteine. The DPN concentration in the top layers 
after sedimentation was determined by measuring the optical density change at 
340 my after addition of aldolase and excess fructose-1,6-diphosphate. The binding 
was determined by difference from the control tubes which contained the same initial 
DPN concentrations but no protein. Residual protein in the top layers was de- 
termined in control tubes which contained protein but no cysteine or DPN. 


The apparent dissociation constants of the complexes formed by DPN 
with the charcoal-treated enzyme decrease from 6.4 X 10-® mole per liter 
when 0.58 equivalent of DPN is bound per mole of protein to 0.08 x 10-® 
mole per liter near the saturation point at which 2.98 equivalents are 
bound. Although experimental errors affect the apparent dissociation 
constant most strongly at the beginning and end of the titration curve, the 
drift of the values of the apparent dissociation constant is a continuous one 
throughout the titration curve and appears to be significant. The binding 
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of 1 equivalent of DPN thus appears to.increase the affinity of the protein 
for a 2nd equivalent and the binding of a 2nd equivalent appears to in- 
crease the affinity for a 3rd. A similar but much more pronounced effect 


TaBLeE VII 
Recombination of Glyceraldehyde-3-phosphate Dehydrogenase with DPN 





Initial concentrations, moles per 1. X 104 





PDE INO A es cats Raise eek DAs 2 3 4 5 6 7 8 9 10 
re mas ee ——| | 

ieides Se aie disiaa Sa RS ob wale Pisin ee See | 0.129 0.129 | 0. 129 | 0.129 | 0.129 | 0.160 | 0.160 0. 160| 0.000 | 0.000 

a Ee Py eee | 9.00 | 0.091 0.182 | 0.364 :| 0.546 ‘ 0.477 | | 0.954 | \7. 63 | 0.477 7.63 





Analysis of top Sibiieis a after aaeaneien 





Method I, log (i0/i) Method II, L, Alog (io/i) 


0.015 0. 066 0. 082 0. 126 0.338 
0.022 0.064 | 0.064 | 0.072 | 0.112 





0.040 | 0.276 | 4.29 0.283 | 4.57 


DPN, moles per l. X 104. .\0.0016\0.0178/0.027/0.050/0.161/0.064|0. 439/6.82 0.449 7.26 
(Free DPN) o, moles per 




















i yt ae a 0.015 |0.025/0.045/0. 161/0.057|0.450)7 .15 
Bound DPN, moles per | | 
Roe | Oe ae aa 0.076 |0.157/0.319 0.385|0.420/0. 504|0.48 | 
BS esheets tveak 0.58 [1.22 |2.47 |2.98 |2.62 |3.15 [3.0 | 
Enzyme 
K’ppn, moles per 
DOI 2 6). Ss Dswhe 6.4 |8.7 |0.96 |0.08 |0.81 














All tubes contained 0.05 m sodium arsenate, pH 7.6. Tubes 1 to 5 emanation’ no 
cysteine; Tubes 6 to 10 contained 0.003 m cysteine. The experiments were carried 
out at 0-5°. 

* (Free DPN)» is the free DPN concentration at zero time. It is obtained from 
the observed DPN concentration in the top layers by correction for the independent 
sedimentation of DPN and for the amount of protein in the top layers which is as- 
sumed to contain some bound DPN. 

t Bound DPN = (DPN) — (free DPN). 

t The apparent dissociation constant of the enzyme-DPN complex is K’ppy = 
((free DPN) X (free enzyme)/(bound DPN)) where free enzyme is equal to 3 times 
the original enzyme concentration minus the concentration of bound DPN. 


of this type is the well known interaction that occurs in the combination 
of hemoglobin with consecutive molecules of oxygen (14). 

Enzyme Activity and Bound DPN—The question of whether the bound 
DPN fulfils the requirements for an intermediate in the enzymatic reac- 
tion may be approached by comparing the DPN binding and the specific 
activity of the enzyme as functions of the DPN concentration. Since the 
recrystallized enzyme-(DPN).2 complex is virtually saturated with DPN, 
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the initial rate of reduction of bound DPN by glyceraldehyde or glyceral- 
dehyde-3-phosphate should be independent of the concentration of added 
free DPN. This is found to be the case if the enzyme is fully preactivated 
by incubation with cysteine (Fig. 3). When the enzyme is not fully pre- 
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Fig. 3. The initial velocity of the reduction of bound DPN by glyceraldehyde as 
a function of freeadded DPN. The reactions were carried out in 0.05 m sodium arse- 
nate buffer, pH 7.6, at 28°. The enzyme concentration was 0.03 um per ml. and the 
initial concentration of pL-glyceraldehyde was 4.0 um per ml. The enzyme contained 
2 equivalents of bound DPN. Concentrations of DPN are indicated on the abscissa. 
The reactions were followed by measurement of the rate of increase in optical density 
at 340 my in the Beckman spectrophotometer in cuvettes of 1 cm. light path. The 
earliest reliable readings were made over the time interval between 15 and 30 seconds 
after the addition of substrate. No cysteine was used in the experiment plotted in 
the lower curve. In obtaining the upper curve the enzyme was preincubated for 2 
hours at 0° in 0.003 m cysteine and then for 10 minutes at 28° in the reaction mixture 
prior to starting the reaction with glyceraldehyde. 


activated, the addition of free DPN may increase the initial reaction 
velocity several hundred per cent. However, the maximal initial rates ob- 
tained under such conditions do not exceed the initial rates obtained in 
systems fully preactivated with cysteine. The added DPN behaves with 
the partially activated enzyme as though it were removing an inhibitor, 
such as traces of heavy metal ions which are known to inhibit the dehydro- 
genase and also to form complexes with adenine nucleotides (15). 








538 BINDING OF DPN 


The activity of the charcoal-treated enzyme as a function of DPN con- 
centration is shown in Fig. 4. In this case the activity increases almost 
linearly with increments of added DPN and reaches a limiting value when 
about 3 equivalents of DPN have been added. Because of the small de- 
gree of dissociation and the fact that the results are obtained as a function 
of total rather than free DPN concentration, activity measurements at 
the enzyme concentration employed do not provide a sensitive measure of 
dissociation. However, maximal initial velocities were obtained in ap- 
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Fic. 4. The specific activity of the charcoal-treated enzyme as a function of the 
concentration of added DPN. The reactions were carried out at 26° in 0.05 m sodium 
arsenate buffer, pH 7.6. The enzyme concentration was 0.032 um per ml. and the 
initial concentration of pi-glyceraldehyde was 4.0 um per ml. The initial velocities 
of DPN reduction were measured as described in Fig. 3. The enzyme was preincu- 
bated for 1 hour in 0.003 m cysteine at 0°. The maximal specific activities obtained 
in experiments of this type approach but do not exceed those obtained with the 
untreated enzyme. 





proximately the DPN concentrations which saturated the enzyme in the 
direct binding measurements. It therefore appears necessary for the 
three available DPN-binding sites in the charcoal-treated enzyme to be 
occupied by DPN before maximal initial velocities in the oxidative reaction 
are obtained. The correspondence between the activity of the enzyme and 
the binding of DPN as a function of the DPN concentration provides pre- 
sumptive evidence that the third DPN-binding site is catalytically active. 
The maximal specific activity of the charcoal-treated enzyme might there- 
fore be expected to be 3/2 that of the untreated enzyme-(DPN), complex. 
Actually the specific activities of the charcoal-treated enzyme have ap- 
proached but never exceeded those of the untreated enzyme. Although 
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this may have resulted from partial inactivation during the charcoal treat- 
ment, the problem cannot be considered solved. 

Binding of DPNH—The application of the above method to the binding 
of DPNH by the enzyme is limited by the fact that DPNH is not stable in 
the presence of high concentrations of enzyme. The change in the DPNH 
is characterized by a disappearance of the absorption band at 340 my and 
is irreversible. The reaction is inhibited by DPN. A similar behavior of 
DPNH with the enzyme from yeast has been studied by Krebs and Rafter 
(16) who have observed specific anion effects and have determined the pH 
optimum. They suggest that the product of the breakdown may be the 
same as that in the acid-catalyzed breakdown of DPNH. 

The failure to recognize the extent of this reaction in binding experi- 
ments followed by optical density measurements at 340 muy led originally 
to an estimate of the enzyme-DPNH dissociation constant which is prob- 
ably too low (13). Somewhat unsatisfactory experiments have been car- 
ried out in which corrections for DPNH destruction have been made from 
optical densities measured at 260, 280, and 340 my in the upper and lower 
layers of the ultracentrifuged solutions. The results indicated dissocia- 
tion constants between 10-° and 10-* mole per liter. Previous experi- 
ments on the inhibition of glyceraldehyde oxidation in the presence of 
added DPNH of about 60 per cent purity had shown rather strong inhibi- 
tion. With DPNH made from DPN that had been purified by the ion 
exchange method the inhibition was only 15 per cent at DPNH:DPN 
ratios of 1.5 and was not detectable at ratios below unity. On the assump- 
tion that the inhibition is competitive the dissociation constant of the en- 
zyme-DPNH complex would be about 10-5 mole per liter. This problem 
is being further investigated. 

Stability of Enzyme—The dehydrogenase from rabbit muscle is a rela- 
tively unstable enzyme. Neutral buffered solutions at room temperature 
lose activity and become turbid on standing. Denaturation is rapid above 
50° and is accelerated at all temperatures below pH 6.5. Some protection 
against inactivation is conferred by the presence of 0.003 m cysteine. 
Since enzyme which has been isolated and recrystallized in the presence of 
0.001 m cyanide is also stabilized, the stabilization by cysteine may be due 
at least in part to complex formation with heavy metal ions. When solu- 
tions of the enzyme-(DPN)»2 complex have become irreversibly inactivated 
at room temperature, without the formation of visible turbidity, the DPN 
no longer sediments in the ultracentrifuge with the protein. Brief heating 
at_ 100° precipitates the protein almost quantitatively, leaving the DPN 
in solution. 

Removal of the bound DPN with charcoal increases the susceptibility 
of the protein to denaturation by heat and heavy metal ions. Other 
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changes also occur. The DPN-free protein remains completely in solu- 
tion in 67 per cent saturated ammonium sulfate at pH 8.4, from which the 
complex crystallizes in high yield. The decrease in stability, the change 
in solubility and crystallizability, and the increase in DPN-binding capac- 
ity and apparent dissociation constants suggest that the charcoal treat- 
ment is associated with a change in the native globular configuration of 
the protein. 

When kept cold both the complex and the DPN-free protein retain full 
activity in buffered solutions for several hours as shown in Table VIII. 
The stability is thus adequate for the conditions of the ultracentrifugal 
separation of protein and DPN at low temperatures. The complex on 


TasBLe VIII 
Stability of Glyceraldehyde-3-phosphate Dehydrogenase at 3° 





Incubated for 


Enzyme Buffer, pH 7.6 0.1 hr. | 2.0 hrs. | 4.0 hrs. 





| Moles DPN reduced per mole 
enzyme per min. 


Charcoal-treated 0.05 m phosphate, no cysteine | 0.76 


} B02 1B 
DPN complex 0.05 “ re sy 5 0.80 | 0.86 1.08 
cs vi 0.05 “ as 0.003 m cysteine | 0.80 | 1.2 1.2 
re e 0.05 ‘‘ pyrophosphate, 0.003 mcys-| 0.82 | 1.06 1.06 


teine | 








The test system contains pui-glyceraldehyde, 4.0 um per ml.; cysteine, 0.003 m; 
DPN, 0.2 um per ml. In the experiments with pyrophosphate, sodium arsenate was 
added at two final concentrations of 0.01 m after incubation. 


standing in phosphate buffer both in the presence and absence of cysteine 
is seen to exhibit an increase in specific activity. The peculiar spontane- 
ous activation in the absence of cysteine was previously observed in arsen- 
ate buffers by Rapkine and coworkers (17). 

Temperature Coefficients—Because of the instability of the enzyme, the 
irreversible release of bound DPN by the denatured protein, and the con- 
centration dependence of the stabilization by DPN, the apparent dissocia- 
tion constants obtained at room temperature are spuriously high. The 
enzyme-(DPN)2 complex at 26° may lose half of its bound DPN during an 
ultracentrifugation. This is associated with an irreversible loss in ac- 
tivity. DPN release may be prevented by the addition of free DPN and, 
at sufficiently high DPN concentration, up to 0.6 of a 3rd equivalent of 
DPN may be bound. An effect of exposure at 26° is thus to unmask par- 
tially the third DPN-binding site. With enzyme that has been recrystal- 








li: 


lu- 


ige 
aC- 
at- 

of 


ull 
Bi 
val 


on 


M; 
vas 


ine 
ne- 
on- 





S. F. VELICK, J. E. HAYES, JR., AND J. HARTING 541 


lized from 0.001 m cyanide no extra DPN is bound and the loss of DPN 
from the enzyme-(DPN)> complex is diminished, giving a K’ppy of about 
10-° mole per liter. However, such measurements cannot be used for the 
calculation of temperature coefficients of dissociations because some in- 
activation still occurred. 

Previous measurements of the temperature coefficient of aldehyde ox- 
idation catalyzed by the dehydrogenase have indicated an approximate 
doubling of the rate for a 10° rise of temperature in the range 15-35° (18). 
However, over a temperature range of 4-26° the rate of oxidation of glycer- 
aldehyde by DPN in the presence of arsenate and the dehydrogenase is 
increased at least 12-fold. This occurs both with and without full preacti- 
vation by cysteine and seems to reflect a temperature dependence of the 
physical state of the catalyst. 

pH and Specificity—No changes in the binding of DPN in the range pH 
7.0 to 8.3 have been observed. Triphosphopyridine nucleotide (TPN) is 
not bound by the charcoal-treated enzyme. 

Aldolase crystallized from rabbit skeletal muscle bears certain similari- 
ties to the dehydrogenase with respect to amino acid composition and 
anion-binding affinities. The enzyme, however, binds no detectable 
amount of DPN in binding experiments by the ultracentrifugal separation 
method. Since DPN is not a cofactor for this enzyme, binding was not to 
be expected but might have occurred if non-specific effects were involved . 


DISCUSSION 


From the correspondence in the spectra of the recrystallized enzyme~ 
DPN complex and the reconstituted mixture, and from the DPN assay by 
enzymatic reduction, it may be concluded that the recrystallized dehydro- 
genase is combined with 2 moles of DPN per 120,000 gm. of protein, which 
is close to the molecular weight calculated from sedimentation velocity 
and diffusion measurements. The exchange of the bound DPN with 
added radioactive DPN shows that the complex is freely dissociable. 

The enzyme-(DPN). complex binds at most about 0.1 equivalent of 
additional DPN when sedimented in the ultracentrifuge in solutions con- 
taining free added DPN. The maximal number of available DPN-binding 
sites, and hence the maximal number of catalytic sites, is therefore two per 
molecule of protein. When the enzyme is fully preactivated by cysteine, 
the initial rates of reduction of bound DPN by glyceraldehyde are not in- 
creased by free added DPN. The enzyme is thus saturated by 2 equiva- 
lents of DPN both in the binding and the kinetic tests. The binding 
capacity of the enzyme for DPN is the same whether the enzyme is in the 
inactive state, requiring cysteine for activation, or whether it is in the fully 
active state in the presence of cysteine. 
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The apparent dissociation constant of the complex, calculated as an up- 
per limit from the free DPN in the supernatant solution after ultracentrif- 
ugation, is about 2 X 10-7 mole per liter. Since there is measurable dis- 
sociation, the question is raised why the DPN is not slowly removed on 
recrystallization. The answer may lie in the fact that the complex is less 
soluble under crystallizing conditions than is the free protein. The yields 
on recrystallization are not quantitative and the dissociated protein may 
remain in solution. 

The Michaelis constant, K,,, for DPN is about 3.9 X 10-> mole per liter 
(3), whereas the dissociation constant, K’ppy, is of the order of 10-7 mole 
per liter. Our previous suggestion that the difference resulted from the ex- 
istence of additional catalytic sites of lower DPN affinity on the enzyme- 
(DPN): complex (2) is not supported by the present work. The alterna- 
tive explanation is that other rate-limiting factors are operative under the 
steady state conditions in which a Michaelis constant is ordinarily deter- 
mined. 

If k; is the second order rate constant for the formation of the enzyme- 
DPN complex from free enzyme and DPN, and if ke and k; are, respec- 
tively, the first order constants for the breakdown of the complex by dis- 
sociation and by reduction by substrate, then Kn = (ko + k3)/k: (19), 
whereas the dissociation constant is defined as K’ = ke/k;. When k; is 
very much less than ke, the value of K,, obtained by analysis of over-all 
reaction rates may be identical with that of the dissociation constant, K’. 
When k; approaches or exceeds ke, then K,, is larger than K’. Since with 
the dehydrogenase K,, for DPN is approximately 390 K’, the results may 
be accounted for if ks = 390 kz. As a first approximation kz may be taken 
as the turnover number of the enzyme which, at pH 8.4 and 26°, is 183 
sec.', The value of k. would accordingly be 183/390 = 0.47 sec. 
Since K,, is known, the value of k; may be computed to be (183 + 0.47)/ 
3.9 X 10-° = 4.7 X 10° liters mole sec.-!. These calculations rest on 
the assumption, for which there is some experimental support, that the 
value of K’, which was determined at a different temperature from K»,, 
is relatively insensitive to temperature. 

The above constants are to be compared with the values k; = 4 x 10° 
liters mole sec.-! and kz = 0.4 sec.—! for the horse liver alcohol dehydro- 
genase DPNH complex determined by Theorell and Chance by different 
methods (20). With both enzymes the large differences between K,,, and 
K’ are attributed to the fact that the enzyme-coenzyme complex dissoci- 
ates more slowly than it reacts with substrate. 

After removal of the bound DPN by adsorption on charcoal, the DPN- 
binding capacity of the enzyme is increased from 2 to 3 equivalents and 
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the apparent dissociation constant is increased. There is, moreover, evi- 
dence of interaction, as consecutive molecules of DPN are bound by the 
charcoal-treated enzyme. Since the DPN-free protein is more soluble and 
less stable than the untreated complex, it is suggested that the changes in 
DPN binding are associated with changes in the configurational state of 
the protein in solution. This view is consistent with other properties of 
the dehydrogenase, the relative instability of both the free enzyme and 
the complex, and the unusually large difference in specific activity of the 
enzyme at 4° and at 26°. It may be inferred that the cross linkages which 
maintain the protein in its native globular configuration are relatively weak 
and that there are internal degrees of freedom in the structure. Partial 
stabilization by bound DPN may result from the damping of intramolecu- 
lar vibrations by the extended nucleotide. This function of DPN would 
affect other properties of the enzyme and might account for the DPN re- 
quirement in the transfer reactions catalyzed by the dehydrogenase (21) 
in which DPN could not be acting as an oxidant. The bound DPN be- 
haves in such reactions as though it stabilizes the protein as a whole or 
the catalytic sites in particular in an active configuration. 


SUMMARY 


1. Diphosphopyridine nucleotide (DPN) labeled with P*® has been iso- 
lated and purified from yeast grown in a medium containing P*-labeled 
orthophosphate. 

2. The bound DPN of glyceraldehyde-3-phosphate dehydrogenase crys- 
tallized from rabbit muscle exchanges completely with added P*-labeled 
DPN. 

3. The recrystallized dehydrogenase-DPN complex has been reexam- 
ined and found to contain 2 moles of DPN per mole of protein (mol. wt. 
120,000). 

4. A method for the ultracentrifugal separation and analysis of free and 
enzyme-bound DPN under approximate equilibrium conditions is de- 
scribed. 

5. The recrystallized enzyme-(DPN)2 complex is saturated with DPN. 
The apparent dissociation constant of the complex is about 2 X 10-7 mole 
per liter. 

6. After removal of the bound DPN from the enzyme-(DPN),2 complex 
with charcoal, the DPN-combining capacity of the enzyme is increased to 
3 equivalents per mole of protein. 

7. The apparent dissociation constant of the charcoal-treated enzyme 
with DPN decreases as saturation of the enzyme with DPN is approached. 
Consecutive equivalents of bound DPN thus interact. 
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8. The effect of bound DPN upon the physical properties and catalytic 


activity of the dehydrogenase suggests that the bound coenzyme stabilizes 
the physical configuration of the enzyme molecule in solution. 
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PHOSPHATE BINDING AND THE GLYCERALDEHYDE-3-PHOS- 
PHATE DEHYDROGENASE REACTION* 
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Medicine, St. Louis, Missouri) 
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In the reversible oxidative phosphorylation catalyzed by glyceraldehyde- 
3-phosphate dehydrogenase there are five participants which might form 
intermediary complexes with the enzyme (1, 2). 


RCHO + DPN~ + HPO. — RCOOPO;" + DPNH™ + Ht (1) 


The stoichiometry and the apparent dissociation constants of the complex 
formed by the enzyme with diphosphopyridine nucleotide (DPN) have 
been studied (3). The measurements reported here are concerned chiefly 
with the interactions of the enzyme with phosphate ions. A few measure- 
ments are also reported of the binding of glyceraldehyde-3-phosphate. In 
phosphate buffer, in the absence of competitive anions, the enzymes crys- 
tallized both from yeast and from rabbit muscle bind phosphate ions ex- 
tensively. This binding manifests itself in electrophoretic measurements 
in phosphate buffers by shifts of the isoelectric points several pH units in 
the acid direction as the buffer concentration is increased. From the elec- 
trophoretic mobilities and the acid-base titration curves of the mammalian 
enzyme the numbers of bound phosphate ions have been computed. The 
results are in agreement with direct measurements of phosphate binding 
by the dialysis-equilibrium method. 

In order to determine whether any of the bound phosphate ions occur as 
a specific intermediary complex with the enzyme in the catalytic process, 
binding measurements were carried out under conditions in which the oxi- 
dative phosphorylation reaction occurred with maximal velocity with 
respect to phosphate concentration. It was found that phosphate binding 
could be completely suppressed by competing electrolytes without affecting 
the rate of the oxidation. Both the yeast and mammalian enzymes 


catalyze the oxidation of glyceraldehyde in the absence of phosphate or 
arsenate. 


* This work was supported in part by a grant from the American Cancer Society 
on the recommendation of the Committee on Growth of the National Research 
Council. 


+ Predoctoral Fellow of the United States Public Health Service. 
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Methods 


Electrophoresis—The mammalian enzyme was isolated from rabbit skele- 
tal muscle (2) and recrystallized several times. Electrophoretic measure- 
ments were made in a standard Tiselius apparatus (Klett), and the bound- 
aries were photographed through the cylindrical lens system. Specific 
conductivities of the solutions were measured on an alternating current 
bridge and current flow was determined potentiometrically. Under the 
conditions of pH and salt concentration reported here the protein migrated 
with a single peak. The crystalline dehydrogenase from yeast employed 
in this work was the crystalline yeast protein No. 2 of Kunitz and Me- 
Donald (4). This protein has been found by Rafter and Krebs (5) to be 
glyceraldehyde-3-phosphate dehydrogenase, identical in most respects with 
the enzyme previously isolated by a totally different method from yeast 
by Warburg and Christian (1). Mobility measurements with the yeast 
enzyme were made in the small moving boundary apparatus of Moore and 
White (6). The protein migrated with a single peak in all of the reported 
measurements except in 0.02 ionic strength phosphate above pH 7 at which 
a second component could be detected (7). Some of the measurements 
with the yeast enzyme were made by us in the laboratory of Dr. Edwin 
Krebs at the University of Washington, Seattle. These were repeated 
and greatly extended by him. 

Dialysis-Equiltbrium—In the dialysis-equilibrium experiments 2 to 4 ml. 
of solution containing 10 to 20 mg. of protein were dialyzed against 2 liters 
of P*-labeled potassium phosphate buffer. The use of a large volume of 
buffer outside reduced the sensitivity of the method but obviated the 
necessity of a preliminary dialysis to remove ammonium sulfate that had 
been entrained in the crystal cake. Aliquots of the protein solution and 
the dialysates were measured with constriction pipettes that delivered re- 
producibly to within one part per thousand, or with micrometer pipettes. 
Protein concentrations were determined spectrophotometrically. Radio- 
activity measurements were performed directly from solution in cylindrical 
thin walled cells which contained the solution in an annular space concen- 
tric with an upright thin walled Geiger tube. A sufficient number of counts 
was recorded to reduce the statistical counting error to less than +0.2 
per cent. Since the protein concentrations were relatively high, the specific 
activities in the protein solutions were corrected for the volume occupied 
by the protein and recorded as counts per minute per unit volume of sol- 
vent. Fig. 1 shows the rate of equilibration of phosphate across the mem- 
brane. Equilibrium is seen to be virtually complete in 8 hours. In the 
experiments with protein, dialysis was begun near equilibrium and con- 
tinued for 12 hours or more. 

Ultracentrifugal Separations—Binding measurements were also carried 
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out by differential ultracentrifugation, as employed previously with DPN 
(3). Dialyzed enzyme solutions in P®-labeled phosphate buffer were spun 
at 50,000 r.p.m. in the preparative rotor of the refrigerated ultracentrifuge 
at 0-5°. The upper and lower halves of the solution in each tube after 
sedimentation were withdrawn with a capillary pipette. Optical densities 
of each fraction at 260 and 280 mu were then determined and aliquots were 
taken for radioactivity measurements. Under the conditions employed, 
with a 2 ml. total volume, virtually all of the protein sedimented to the 
lower layer. If A is the initial phosphate concentration and x is the con- 
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Fig. 1. The rate of equilibration of phosphate across the dialysis membrane. All 
of the P32Q, was inside of the dialysis sac at zero time. Aliquots of the outer fluid 
were withdrawn and counted at the designated intervals. 


centration of phosphate that is transported from the upper to the lower 
layer, then x is given by the expression 


22 = A((ay — ar)/(ay + ar)) (2) 


where dy and a; are the counts per minute per unit volume of solvent in the 
lower and upper layers, respectively. In binding studies this value must 
be corrected for the independent gradient established by phosphate ion. 
Such corrections were obtained from control tubes containing phosphate 
but no protein. This correction is of reasonable magnitude with respect 
to the protein concentration only when the total phosphate concentration 
is small. 

The phosphate bound per molecule of protein is given by the expression 


(PO, bound) 


= 22*/(E, — E;) (3) 
(enzyme) 
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where x* is the corrected phosphate transport and Ey and E; are the pro- 
tein concentrations in the bottom and top layers, respectively. 

Titration of Proteins—Aliquots of crystal suspension in ammonium sul- 
fate mother liquor were centrifuged in the cold and the crystal cake was 
dissolved in water and dialyzed against 0.05 m potassium chloride. The 
dialyzed solution was titrated by a continuous titration method with acid 
and alkali delivered from a micrometer burette. Potentials were meas- 
ured with a shielded glass electrode system repeatedly calibrated with 
buffers of the National Bureau of Standards. The titrations were carried 
out in the cold room at 3°. 10 to 20 mg. of protein were titrated. 

Kinetic Measurements—Enzyme for kinetic measurements was recrys- 
tallized five times. Analyses of large samples revealed no detectable in- 
organic phosphate. The upper limit of phosphate contamination, set by 
the sensitivity of the analytical method, was 0.02 equivalent per mole of 
enzyme, or 0.0005 per cent. The organic phosphate in the enzyme was 
4.0 equivalents per mole, corresponding to the 2 equivalents of bound 
DPN. The oxidative phosphorylation of glyceraldehyde was followed 
spectrophotometrically by measurement of the rate of appearance of the 
absorption band of DPNH at 340 my. Cuvettes with a 1 cm. light path 
were used. The reactions were initiated by addition of aldehyde. The 
measurements were carried out at room temperature, 25-27°. The tem- 
perature of the solutions in a series of initial rate measurements varied 
+0.5°. 


Results 


Electrophoretic Measurements—The pH-mobility curves of the two de- 
hydrogenases as a function of phosphate concentration are shown in Fig. 2. 
As with aldolase from rabbit muscle the isoelectric points of these enzymes 
are shifted strongly in the acid direction as the phosphate ion concentra- 
tion is increased (8). This is a consequence of the binding of phosphate 
ions. It should be noted that the isoelectric region of the yeast enzyme is 
several pH units more acid than that of the mammalian enzyme and can- 
not be reached in the pH buffering range of phosphate. From the similari- 
ties in the amino acid compositions of the two enzymes (9) this was not 
expected. 

Isoionic Points, Titration Curves, and Bound Ions—When the observed 
isoelectric points of the mammalian enzyme are plotted against the square 
root of the ionic strength, an approximate linear relation is obtained (Fig. 
3). The isoionic point, by extrapolation, is at pH 8.3. A value between 
8.5 and 9 would be expected from the amino acid analyses and the probable 
dissociation constants of the groups capable of protolytic dissociation (10). 
The titration curves of the two enzymes are presented in Fig. 4. The iso- 
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Fig. 2. The electrophoretic mobility versus pH curves of the glyceraldehyde-3- 
phosphate dehydrogenases crystallized from yeast and from rabbit muscle as a 
function of the ionic strength of the phosphate buffers. The ionic strength corre- 
sponding to each curve is indicated. 
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Fia. 3. The electrophoretic isoelectric points of mammalian glyceraldehyde-3- 
phosphate dehydrogenase as a function of the square root of the ionic strength of 
the phosphate buffer. 
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ionic point of the yeast enzyme, which was not determined, is arbitrarily 
set equal to that of the mammalian enzyme although it is probably more 
acid. Differences in the slopes of the two curves in the region pH 6 to 8 
may be accounted for largely by the lower histidine content of the yeast 
enzyme. The number of charge equivalents of the bound phosphate ions 
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Fic. 4. The acid-base titration curves of the glyceraldehyde-3-phosphate dehydro- 
genases crystallized from yeast and from rabbit muscle. 





required to give the difference between the observed isoelectric points of 
the mammalian enzyme and its isoionic point are obtained directly from 
the titration curve and are presented in Table I together with the corre- 
sponding numbers of bound phosphate ions. 

Dialysis-Equilibrium—A series of dialysis-equilibrium measurements 
with the mammalian enzyme is presented in Table II. In making cor- 
rections for the Donnan effect the net charge of the non-diffusible ion was 
obtained, for a given set of conditions, from the pH-mobility curves and 
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the titration curve. The net charge of the non-diffusible ion, which by 
this method of calculation is a protein-phosphate complex, was in most 
cases small. The Donnan corrections were therefore small. The results 


TaBLeE [| 


Binding of Phosphate Ions by Mammalian Glyceraldehyde-3-Phosphate Dehydrogenase 
Calculated From Electrophoretic Mobilities and Titration Curve 


| Equivalents anion bound hound phosphate, t 


Tonic strength, Isoelectric point, 
T/2 








e | 
pH aia protein,* (Protein) (protein) 
0.02 7.56t | ee | Pi 
0.05 | 7.2 | ee | . 
0.10 6.6 —18 = 
0.20 5.87 ; —54 ~ 





* The bound charge on ‘the protein ‘at an » isoelectric point is equal i in magnitude 
and opposite in sign to the intrinsic net charge of the protein which is taken from 
the titration curve (see Fig. 4). 

+ It is assumed that the average charge of a bound phosphate ion is the same as 
that of a free orthophosphate ion at the experimental pH. 

t By extrapolation (see Fig. 3). 


TaBLeE II 


Dialysis Equilibrium of Mammalian Glyceraldehyde-3-phosphate Dehydrogenase versus 
Potassium Phosphate Buffers 














Dialysate Protein solution 
é | —— 
tw | | B d 
of 2 | pH Phosphate Enzyme | Orthophosphate commenti uhes- 
‘gan | | phate 
| um per | cpm. C.p.m uM per | ‘io. uM “ per | pM = uM ger | pore 
ml | ber ml. phosphate ml. | olution | solution ska? | solesat gms 
0.01 7.0, 5.28 2321 | 439.6 | 0.139 | 2565) 5.83 5.90 -0.25 | 2.6 
0.02 | 6.9; 10.6 | 2395 | 225.9 , 0.162 2559 11.33 11.49 —0.2 4 
0.05 | 6.8 | 27.3 | 2881 | 105.5 | 0.185 | 2978 | 28.28 28.69 | —0.17!| 6.6 
0.1 | 5.9 | 81.0 | 5161 | 63.71 | 0.180 | 5885 | 84.53 85.90 | —0.29 | 25 
0.1 | 6.7 | 54.2 | 3485 | 64.3 | 0.225 | 3616 56.24 57.39, 0.0 | 14 
0.1 | 7.8 | 36.0 | 3201 | 88.92) 0 103 | 3311 | 37.23 37.51 | +0.24 | 12 
0.1 | 8.5 | 33.5 | 3397 | 101.4 | 0.172 | | 3436 | 33.89 | 34.41  —0.7 9 
0.2 | 6.7 | 106.0 | 2671 | | 25.2 | 0.139 | 2818 | 111.82 | 113.2 | +0.2 | 52 





A partial spécifie volume for the protein of 0. 74 was enployed i in malig tlie 
correction. 

t In calculating the Donnan effect the net charge of the protein-ion complex 
under a given set of conditions was estimated from the mobility and titration curves. 


When necessary, extrapolations were made. The results serve as a first: approxi- 
mation. 








552 PHOSPHATE BINDING 


are seen to be in essential agreement with those obtained by electrophoretic 
analysis. 

In the region pH 6.6 to 8 the phosphate binding is an almost linear 
function of the total phosphate concentration and appears to be relatively 
independent of pH. This is not unreasonable in view of the fact that most 
of the dissociable groups of the protein are far from their pK values and 
are hence in their fully charged forms. However, the ratio of the two 
ionic species of phosphate ion varies strongly in this region. 

When the reciprocal of the number of phosphate ions bound per mole- 
cule of enzyme is plotted against the reciprocal of the free phosphate con- 
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Fia. 5. Plot of the reciprocal of the equivalents of bound phosphate per mole of 

enzyme versus the reciprocal of the phosphate concentration. The points are calcu- 
lated from the results given in Table II. 








centration, the curve in Fig. 5 is obtained. If the phosphate binding 
occurred at equivalent independent binding sites without interaction, 
this curve would be a straight line described by the equation 


pe: = K x at. at 1 (4) 
Pound m (PO,) free m 

where m is the maximal number of binding sites per molecule of protein, K 
is the apparent dissociation constant, and P, is the number of phosphate 
ions bound by a molecule of protein (11). From the intercept and slope 
of the upper limb of the curve there would appear to be about ten binding 
sites with K equal to 0.017 mole per liter. The lower limb of the curve 
extrapolates at high phosphate concentration to a value of m in the range 
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of the total number of cationic groups in the protein. The apparent dis- 
sociation constants of the latter groups are quite large. 

Phosphate in Enzymatic Reaction—In the oxidative phosphorylation 
reactions with glyceraldehyde as substrate (Fig. 6) the enzyme concen- 
tration was about 1700 times higher than is required for comparable re- 
action rates with glyceraldehyde-3-phosphate as substrate. Because of 
its smaller affinity for the enzyme, glyceraldehyde reacts slowly enough 
to permit the convenient measurement of reaction rates at high enzyme 
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Fia. 6. The rate of reduction of diphosphopyridine nucleotide by glyceraldehyde 
as a function of phosphate concentration. The experiments were carried out in 0.05 
M potassium bicarbonate and 0.05 m potassium chloride, pH 8.4. The concentra- 
tions, in moles per liter X 10%, were as follows: enzyme, 0.017; total DPN, 0.281; 
pi-glyceraldehyde, 2.0. The initial concentrations of orthophosphate, in moles 


per liter X 10%, for Curves 1, 2, 3, 4, and 5, respectively, were 0.002, 0.04, 0.5, 1.0, and 
5.0. 





concentrations. The concentrations were so arranged that the reactions 
were of zero order with respect to aldehyde concentration. The equilibria 
that, were approached were limited chiefly by the concentrations of DPN 
and phosphate. It may be seen that at constant initial concentrations of 
DPN and aldehyde the apparent equilibria were functions of the con- 
centration of phosphate. However, the initial velocities were independent 
of phosphate at concentrations as low as 2 X 10-° mole per liter. When 
phosphate was omitted completely, the reaction still occurred with vir- 
tually maximal initial rate but followed a different kinetic course and pro- 
ceeded beyond the equilibria that were approached at low concentrations 
of added phosphate. A different reaction mechanism obviously prevailed 
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in the absence of phosphate. The dehydrogenase crystallized from yeast 
also catalyzed the oxidation of glyceraldehyde in the absence of phos- 
phate (Fig. 7). In this case, however, the reaction was almost linear from 
the origin and the rate did not approach the rates obtained in the presence 
of arsenate or phosphate. 

Bound Phosphate and Enzymatic Reaction—From the virtual independ- 
ence of the initial rate of oxidation upon phosphate concentration (Fig. 6) 
it appeared either that the binding of phosphate by the enzyme was not a 
step in the enzymatic reaction or that, if a reactive enzyme-phosphate 
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Fic. 7. The reduction of DPN by glyceraldehyde, catalyzed by the glyceralde- 
hyde-3-phosphate dehydrogenase crystallized from yeast. The concentrations, in 
moles per liter X 10%, were as follows: enzyme, 0.03; DPN, 0.5; pu-glyceraldehyde, 
2.0. Reaction A was carried out in 0.05 m sodium bicarbonate. No phosphate or 
arsenate was added. Reaction B was carried out in 0.05 m sodium arsenate. The 
maximal initial velocity in phosphate was the same as that in arsenate. In both re- 
actions the pH was 8.4. 


intermediate were formed, its dissociation constant was less than 10-* mole 
per liter. The electrophoretic and dialysis-equilibrium measurements 
showed that many phosphate ions were bound in the absence of competing 
anions but that the apparent dissociation constants were relatively large. 
It seemed desirable, therefore, to measure phosphate binding by a more 
sensitive method to see whether 1 or 2 ions were bound sufficiently tightly 
to fulfil the requirements for a reactive intermediate. The ultracentrifugal 
separation method was employed with 0.001 m phosphate. Since 0.05 
to 0.2 m supporting electrolyte was used in test systems for kinetic meas- 
urements, supporting electrolyte was also used in the binding measure- 
ments. This served to eliminate non-specific binding of phosphate but 
would not suppress the formation of a specific reactive intermediate. The 
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results are shown in Table III. No significant binding of phosphate was 
detected. Under the conditions employed the binding of 2 equivalents of 
phosphate by the enzyme would have resulted in a 20 per cent difference 
in phosphate concentration between the upper and lower layers of the 
ultracentrifuged solution. Since the oxidative phosphorylation proceeds 
at maximal rates at the concentration of phosphate and supporting elec- 
trolyte employed, the catalytic sites would have been saturated with 
phosphate if a specific enzyme-phosphate intermediate were formed. 


TaBLe III 


Phosphate Binding by Glyceraldehyde-3-phosphate Dehydrogenase Ultracentrifugal 
Separation in Supporting Electrolyte* 





| Binding, moles 
Expedment | from tubes after | Enzyme Radioactivity phosphate, 
| centrifugation | a 
uM per ml. | ao. = bar Palen ; 

I | Top 0.001 | 15,580 15,580 16,020 

Bottom 0.10 16,400 16,550 16,140 0.07 
II Top 0.000 15,698 15,698 | 16,150 
Bottom 0.000 16,600 | 16,600 | 16,150 








*().001 mM potassium phosphate in 0.05 m sodium bicarbonate, 0.05 m potassium 
chloride, and approximately 0.05 m ammonium sulfate, pH 8.5. 

+ Counts made on 157.9 ul. aliquots, evaporated on planchets, and counted under 
an end window Geiger tube. The control experiments showed no significant ab- 
sorption of radiation by the protein. 


t The specific radioactivity of the protein solution was divided by the volume 
fraction of the solvent. 


§ The observed phosphate distribution in Experiment I was corrected for the 


gradient of free phosphate; Experiment II was established under the same condi- 
tions. 


Under similar conditions the binding of DPN (8) and glyceraldehyde-3- 
phosphate is strong and specific and parallels the enzymatic activity. The 
results indicate that inorganic phosphate ion does not independently form 
a reactive intermediary complex with the enzyme before entering the 
phosphorylation reaction. 

Binding of Glyceraldehyde-3-phosphate—The binding of glyceraldehyde 
by the dehydrogenase is too weak to be measured directly by the methods 
available, but it seemed likely from its Michaelis constant (2) that the 
binding of glyceraldehyde-3-phosphate could be measured. It would be 
preferable to make this measurement with the enzyme-DPN complex 
but this was not possible because of the occurrence of DPN reduction even 
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when phosphate was omitted. We, in fact, first observed the latter re- 
action when such binding measurements were attempted. The binding 
of glyceraldehyde-3-phosphate was therefore measured with the charcoal- 
treated enzyme which was free of DPN. The experiment was carried out 
in 0.05 m glycine buffer, pH 8.5. The concentrations of aldehyde in the 
layers of the ultracentrifuged solutions were determined by the addition 


TABLE IV 
Binding of Glyceraldehyde-3-phosphate by Glyceraldehyde-3-phosphate 
Dehydrogenase from Rabbit Muscle at 4° 





Initial concentrations, moles per 1. X 104 





ECP RRR ries per | 0.219 0.438 | 0.876 | 0.438 
SON ee Foe paises Sek c ncie sale esau | 0.243 0.243 | 0.243 | 














Ne AD ete sos «oo bees edna kde ch ue 0.070 0.155 0.292 0.268 
TE) a a are 0.165 0.212 0.205 | 


en | ne ee nee ee 0.137 0.162 0.170 








Concentrations, top layer, moles per L X 104 





PUGERYGCs..:...<uihfcats.<sset 0.113 0.248 0.467 0.429 


BING oc 35,0 std bin ood | 0.014 0.018 0.017 
Aldehyde 
nant | Sen SE fs 0.43 0.84 1.8t 


K', moles per l. X 105§..... 5.3 | 4.3 2.4 





* The charcoal-treated enzyme was dissolved in 0.05 m glycine buffer, pH 8.5. 
The aldehyde was added in a small volume of buffer. The temperature was 0°. 

t Moles of aldehyde transported per mole of enzyme (mol. wt. 120,000) trans- 
ported. 

t In a lower layer of this tube the total aldehyde (moles per liter X 10‘) was 1.05 
and the total enzyme 0.351. The bound aldehyde equaled total aldehyde minus 
free aldehyde or 1.05 — 0.467 = 0.583, corresponding to 0.583/0.351 = 1.7 per mole 
of enzyme. 


§ K’ = ((free aldehyde) (free enzyme)/(bound aldehyde)), calculated on the basis 
of three binding sites. 


of excess DPN and arsenate and measurement of the increase in optical 
density at 340 my resulting from DPN reduction. In order to speed the 
reaction in the supernatant layers additional enzyme was added. The 
results are shown in Table IV. The apparent dissociation constant, cal- 
culated on the basis of three binding sites per molecule of charcoal-treated 
enzyme, is 4 X 10-° mole per liter. This is in good agreement with the 
Michaelis constant for glyceraldehyde-3-phosphate (2). 

Reaction in Absence of Phosphate—When hydrogen is transferred from 
the aldehyde to DPN, an acceptor must also be provided for the acyl 
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group that is formed in the oxidation. In the absence of phosphate this 
function might be performed by water or a hydroxyl ion yielding the free 
acid directly, or some anion in the system might act as a phosphate or 
arsenate analogue. An alternative mechanism is that a group on the en- 
zyme itself might act as the primary acceptor of the acyl group. The 
extent of the reaction that may be obtained in the absence of phosphate 
is in excess of any reasonable number of acceptor groups on the enzyme 
and it must therefore be assumed that if the enzyme itself is the primary 
acyl acceptor the acyl-enzyme so formed is unstable and hydrolyzes. 

If the enzyme acted as the primary acyl acceptor, reaction would occur 
in two steps the first of which would be an oxidation in which phosphate 
was not involved and which would lead to the reversible formation of a 
reactive acyl-enzyme intermediate. In the second step the acyl group 
would be transferred reversibly to inorganic phosphate. 


O 
I 
RCHO + enzyme + DPN- —— RC-enzyme + DPNH= + Ht (5) 
O O 
u _ll 
RC-enzyme + HPO," —— RCOPO;- + enzyme (6) 


A kinetic criterion for this mechanism is that the initial reaction rate at 
high enzyme concentration in the absence of phosphate be at least as rapid 
as the maximal over-all rate obtainable in the presence of arsenate or 
phosphate. ‘This criterion is at least potentially satisfied by the mam- 
malian enzyme (Fig. 6) but not by the yeast enzyme (Fig. 7). The results 
with the yeast enzyme are consistent with the acyl-enzyme intermediate 
theory only if it is assumed that the equilibrium of Step I is too far to the 
left to permit the detection of a rapidly formed intermediate. For this to 
be true the proposed intermediate would have to occur at a much higher 
energy level than the corresponding acyl phosphate. 

Since rapid initial rates of DPN reduction were obtained with the mam- 
malian enzyme in the absence of phosphate, an attempt was made to 
detect the accumulation of an intermediate by an equilibrium method. 
In these experiments glyceraldehyde was used as substrate, phosphate was 
omitted, and the only DPN in the system was the 2 equivalents bound to 
the enzyme. The reaction was allowed to proceed in the absence of phos- 
phate and then a measured amount of inorganic phosphate was added 
(Fig. 8). The reaction which had become slow was accelerated and equi- 
librium was quickly reached. A second addition of phosphate resulted in 
the quick attamment of a new equilibrium. In Experiment 2, Fig. 8, 
phosphate was present at zero time. It is to be observed that the equi- 
librium concentrations of DPNH were different in the two experiments, 
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although the initial concentrations of aldehyde and DPN and the con- 
centrations of added phosphate were the same. The equilibrium con- 
stants 


_ LRCOPO,-_} [DPNH-I[H*) 
~ — [RCHOJHPO,-[DPN-] ’ 





calculated from these experiments are the same only if it is assumed that 
the aldehyde oxidation product formed prior to the addition of phosphate 
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Fig. 8. The reduction of bound DPN on the mammalian glyceraldehyde-3-phos- 
phate dehydrogenase by glyceraldehyde. The concentrations, in moles per liter 
X 10’, were as follows: enzyme, 0.0383; bound DPN, 0.0766; pu-glyceraldehyde, 0.5. 
The reactions were carried out in 0.05 m sodium bicarbonate and 0.05 m potassium 
chloride, pH 8.3. The phosphate concentration in Segment A of (1) was 0.91 < 10-3 
mole per liter and in Segment A of (2), 1.0 X 10-* mole per liter. The corresponding 
phosphate concentrations in Segments B were 5.0 X 10-3 in (1) and 6 X 10-3 mole 
per liter in (2). 


in Experiment 1 did not enter the final equilibrium. The equilibrium 
constant calculated with this assumption is 8 X 10-7 in both experiments. 
The aldehyde oxidation in the absence of phosphate was therefore irre- 
versible and no detectable intermediate accumulated. If an acyl-enzyme 
intermediate had been formed, it was rapidly and irreversibly broken 
down. If the equilibrium in the hypothetical intermediate formation 
with the mammalian enzyme was far to the left as required by the be- 
havior of the yeast enzyme, then the stabilities of the intermediates formed 
with the two enzymes differ greatly, since the yeast enzyme does not ca- 
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talyze a rapid oxidation, reversible or irreversible, in the absence of phos- 
phate. 


DISCUSSION 


The binding of phosphate ions by the dehydrogenase is extensive but 
relatively weak and non-specific. Such ionic interactions occur with other 
proteins (12-14) and, with both, quantitative and qualitative variations 
are probably of general occurrence. The fact that phosphate ions serve 
as substrate for the enzyme led us to expect that a reactive intermediary 
enzyme-phosphate complex would be formed. Such a complex could not 
be detected in the incomplete reaction system. Although it is possible 
that a phosphate complex may be formed in the presence of both coenzyme 
and substrate the kinetic results suggest that inorganic phosphate reacts 
by direct collision with the bound and activated substrate. In an enzyme- 
catalyzed reaction in which there are several reactants it does not appear 
to be necessary that all of the reactants independently form enzyme-sub- 
strate complexes in order to obtain the necessary activation and specificity. 

The reactions with glyceraldehyde do not provide unambiguous evi- 
dence concerning the nature of the reaction sequence. They show clearly, 
however, that, if a glyceryl-enzyme compound is formed as an inter- 
mediate prior to the phosphorylation, the intermediate is unstable in the 
absence of phosphate and breaks down rapidly and irreversibly. 


SUMMARY 


1. The binding of phosphate ions by glyceraldehyde-3-phosphate de- 
hydrogenase has been studied by electrophoretic analysis and dialysis- 
equilibrium methods. The results by the two methods are in essential 
agreement. 

2. The isoelectric points of the dehydrogenases crystallized from yeast 
and from rabbit muscle are both strongly shifted in the acid direction by 
increasing the concentration of phosphate buffer. The isoelectric regions 
of the two enzymes, however, are grossly different. The difference is not 
accounted for by the known chemical and physical properties of the two 
proteins. 

3. The phosphate binding by the dehydrogenase may be suppressed 
by competing anions without the occurrence of competitive inhibition of 
the enzymatic reaction. Evidence is presented that the phosphate ion 
may enter the reaction without first forming a complex with the enzyme. 

4. The binding of glyceraldehyde-3-phosphate by the mammalian en- 
zyme in the absence of inorganic phosphate has been measured. 

5. In confirmation of the theory based upon acetyl transfer reactions 
catalyzed by the dehydrogenase, the oxidative phosphorylation of glycer- 
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aldehyde-3-phosphate has been found to occur in two steps. The first 
step is a reversible oxidation in which DPN and enzyme are, respectively, 
the hydrogen and acyl group acceptors: aldehyde + DPN + enzyme — 
acyl-enzyme + DPNH + H+. The equilibrium constant, K’:, for this 
reaction is approximately 10-°. The second step is the reversible acyl 
transfer reaction: acyl-enzyme + phosphate — acyl-phosphate + enzyme. 
The equilibrium constant, K’s, of this reaction is 10-*. 

6. Unlike the 3-phosphoglyceryl-enzyme compound the intermediate ob- 
tained with glyceraldehyde as substrate has been too unstable to charac- 
terize. 


Addendum'—Subsequent to the completion of the above work we obtained a sam- 
ple, in a high state of purity, of pi-glyceraldehyde-3-phosphoric acid? and undertook 
with this substrate a repetition of the experiments originally carried out with the 
non-phosphorylated aldehyde. Similar experiments were carried out independently 
by Boyer and Segal at the University of Minnesota. Our results, in full agreement 
with those communicated to us by Dr. Boyer, revealed that, in the absence of arse- 
nate or phosphate and at sufficiently high aldehyde and DPN concentrations, 2 
equivalents of DPN were rapidly reduced per mole of enzyme, and that this was 
followed, with an abrupt break in the curve, by a slow continued reaction (Fig. 9). 
The kinetics of the reaction with the natural substrate thus differed from those with 
glyceraldehyde and followed the course expected for the formation of an acyl-enzyme 
intermediate. 

That the initial rapid reaction represented intermediate formation was shown, on 
further study, by a comparison of the oxidative phosphorylation equilibria when 
inorganic phosphate was added, respectively, prior to and subsequent to the addi- 
tion of glyceraldehyde-3-phosphate to the reaction system (Fig. 9). The extent of 
the initial reaction, measured by extrapolation of the slow second phase back to zero 
time, was found to be a function of the pH and the concentrations of the reactants, 
in accord with the mass law conditions of Equation 5. The results, with the ap- 
parent equilibrium constant, K’, are shown in Table V. K’ requires correction for 
the binding equilibria between reactants and enzyme which may contribute signifi- 
cantly to the over-all equilibria in experiments such as these in which the enzyme 
concentration is of the same order as that of one or more of the other reactants. It 
may be seen that within the experimental limits, at high aldehyde concentration, the 
value of K’ did not show a significant trend with changing ratios of enzyme to DPN 
concentration. This is in accord with our previous findings on the over-all oxida- 
tive phosphorylation equilibrium (15). The apparent dissociation constants of 
enzyme-DPN and enzyme-DPNH in the reaction system do not differ widely by this 
criterion. This is in contrast with the recent findings of Theorell and Bonnichsen 
with the crystalline alcohol dehydrogenase from horse liver (16). On the other 
hand, the value of K’ at high DPN concentration decreases as the aldehyde concen- 
tration is lowered with respect to that of the enzyme. The shift is in the direction 
expected from the position of the aldehyde in the reaction equilibrium and is of the 





1 Presented at the 123rd meeting of the American Chemical Society, Los Angeles, 
March, 1953. 

2 Synthesized and purified as the crystalline dioxane addition compound of pL- 
glyceraldehyde-1-bromide-3-phosphoric acid (dimer) by Dr. Henry Lardy. 
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Fig. 9. Steps in the oxidative phosphorylation of p-glyceraldehyde-3-phosphate. 
Reactions I and II were carried out at 26° in 0.1 m tris(hydroxymethyl)amino- 
methane-hydrochloric acid buffer, pH 7.4, containing 0.001 m Versene. The con- 
centrations, in moles per liter X 10‘, were aldehyde, 3.7; DPN, 1.76; and enzyme, 
0.27. The initial orthophosphate concentration in Reaction I was 0.0033 m and in 
Reaction II, 0.0000 m. Inorganic phosphate at a final concentration of 0.0033 m 
was added to Reaction II at the time indicated by the arrow. Both reactions were 
initiated by the addition of aldehyde. 


TABLE V 
Equilibrium Constant of Reaction Glyceraldehyde-3-phosphate + DPN + Enzyme 
«< 3-Phosphoglyceryl-Enzyme + DPNH + H+ 
The results are in moles per liter X 104 at equilibrium. 




















Reaction | pH Enzyme DPN DPNH Aldehyde K X 105 
A 8.3 0.324 0.324 0.288 3.41 1.2 
B 8.0 0.37 0.37 0.182 3.52 0.7 
C 7.6 0.60 0.60 0.344 3.36 2.4 
D | 7.4 0.20 | 12.9 0.416 3.28 0.8 
E | 6.5 0.79 | 18.35 0.152 1.03 0.5 
F | 6.5 0.86 | 18.42 0.080 0.39 0.3 


| 


The values given are equilibrium concentrations calculated from the measured 
DPNH formation, determined spectrophotometrically, and the initial concentra- 
tions of the reactants. The enzyme in all cases was dissolved in 0.001 m Versene. 
Enzyme concentrations are expressed as equivalent concentrations of catalytic or 
acceptor sites, 2 equivalents per mole. Reaction A was carried out in 0.1 m sodium 
bicarbonate; Reaction B in 0.1 m tris(hydroxymethyl)aminomethane. No separate 
salt additions were made to Reactions C and D. Reactions E and F were carried 
out in 0.05 m sodium pyrophosphate containing 0.002 m cysteine. The pH was meas- 
ured immediately after the completion of the reactions. No DPN other than that 
bound to the enzyme was added in Reactions A to C. 
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proper order of magnitude for the aldehyde-enzyme dissociation constant. The 
acyl-enzyme is undissociated and is not involved in these considerations. The 
binding of a significant fraction of the total aldehyde at equilibrium decreases the 
net free energy change in the oxidation and hence results in a smaller equilibrium 
constant. 

The apparent equilibrium constant, K’,, of the over-all oxidative phosphorylation 
is the product of K’:, as determined above, and K's, where K’s is the equilibrium 
constant for the reaction between acyl-enzyme and inorganic phosphate. The value 


O O 


K' = K',K’, = (RC-enzyme][DPNHI[H*] ,, [RCOPO,"Ilenzyme] 
[RCHO][enzyme][DPN] [RC-enzyme][HPO,"] 


O 


of K’ is 1 X 107 (17, 15). Since K’: is 10°, K’s is approximately K’/K’, = 10°. 
The latter constant is close to the value of the equilibrium constant obtained by 
Stadtman (18) for the reaction between acetyl phosphate and coenzyme A. 

The present results thus establish the theory, based chiefly upon the observation 
of transfer reactions (19, 20), that the oxidative phosphorylation catalyzed by the 
enzyme is a two-step reaction proceeding through an acyl-enzyme intermediate. 
The value of K’s is consistent with the arguments advanced by Racker and Krimsky 
(20) that the intermediate is a thio ester. 
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COENZYME BINDING AND THE THIOL GROUPS OF 
GLYCERALDEHYDE-3-PHOSPHATE 
DEHYDROGENASE* 


By SIDNEY F. VELICK 


(From the Department of Biological Chemistry, Washington University School of 
Medicine, St. Louis, Missourt) 


(Received for publication, September 16, 1952) 


Glyceraldehyde-3-phosphate dehydrogenase is inhibited by iodoacetate 
and under certain conditions it is activated by cysteine and reduced glu- 
tathione (1, 2). It has therefore been concluded that the enzyme contains 
thiol groups which are essential for its activity. A relationship between 
the thiol groups of the enzyme and diphosphopyridine nucleotide (DPN) 
was first suggested by Rapkine, Rapkine, and Trpinac (3) who observed 
that the coenzyme protected the dehydrogenase from inactivation by 
oxidized glutathione. These findings were confirmed by Labeyrie with 
the crystalline mammalian dehydrogenase (4). The enzyme was also 
known to be inhibited by mercaptide-forming reagents but under the 
conditions tested these inhibitions were not reversible (5). 

Conditions have now been found under which the enzymes, crystallized 
both from yeast and from rabbit muscle, are inhibited completely by mono- 
valent mercaptide-forming reagents and reactivated completely by the 
addition of cysteine. Combination of the inhibitor with the enzyme may 
be followed analytically and provides a titration of the essential thiol 
groups. It has been found that the yeast enzyme-inhibitor compound, 
which may be crystallized, is unable to bind DPN. When the recrystal- 
lized mammalian enzyme, which is always combined with 2 equivalents 
of DPN, reacts with the inhibitor, the bound DPN is quantitatively re- 
leased. 

The free and protein-bound forms of the coenzyme and inhibitor are 
measured, after ultracentrifugal separation, by physical and chemical 
methods. The binding and inhibition effects may also be followed spec- 
trophotometrically, without prior separations, from changes in a character- 
istic absorption band of the enzyme-DPN complex. 


Methods 
The enzyme from yeast was the crystalline protein No. 2 prepared by 
the method of Kunitz and McDonald (6). Rafter and Krebs (7) have 


* This work was supported in part by a grant from the American Cancer Society 
on the recommendation of the Committee on Growth of the National Research 
Council. 
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found this protein to be essentially the same as the enzyme crystallized 
from yeast by the method of Warburg and Christian (8). The mam- 
malian enzyme was crystallized from rabbit skeletal muscle by the method 
of Cori, Slein, and Cori (2). The details of the ultracentrifugal separa- 
tions and analyses are described in a preceding report (9). 

In the enzyme activity measurements pi-glyceraldehyde was used as 
substrate (10). The stock aqueous solutions of the aldehyde were heated 
or allowed to stand at room temperature before use to convert the alde- 
hyde to the monomeric form (11). Arsenate was used in place of phos- 
phate in the test solutions. Reaction velocities were followed by measure- 
ment of the rate of appearance of the absorption band at 340 mu of the 
reduced coenzyme, DPNH. 

p-Chloromercuribenzoate, introduced as an enzyme inhibitor and a 
reagent for thiol groups by Hellerman and coworkers (12), and its more 
soluble analogue, p-chloromercuripheny] sulfonate, were employed in the 
present experiments. The latter compound was prepared at our request 
and supplied by the Sigma Chemical Company. The concentrations of 
the standard inhibitor solutions were determined by spectrophotometric 
analysis for mercury by the dithizone method (13). The solutions were 
subjected to a preliminary digestion with concentrated sulfuric acid and 
hydrogen peroxide to liberate the mercury from organic linkage before 
analysis. Undigested reagent solutions adjusted to about pH 1 and 
rapidly extracted with the chelating reagent liberated negligible amounts 
of inorganic mercury when compared with inorganic standards analyzed 
under comparable conditions. 

In the inhibition and binding measurements the inhibitor was added in 
concentrations which were equivalent to or were small multiples of the 
enzyme concentration. The free inhibitor, after sedimentation of the 
protein-inhibitor complexes in the ultracentrifuge, was determined in the 
virtually protein-free supernatant solutions by mercury analysis. The 
values so obtained represented the concentration of free inhibitor that was 
in equilibrium with the protein in the original solution. The number of 
equivalents of inhibitor bound was given by the concentration ratio of 
sedimented inhibitor to sedimented protein. 


Results 


Inhibition by Phenylmercuric Chloride Derivatives—The enzyme crystal- 
lized from yeast may exhibit, when freshly prepared, up to 90 per cent of 
its maximal activity in the absence of added cysteine. Quantitative 
inhibition studies with mercaptide-forming reagents may therefore be 
carried out without interference from added activators. The results of 
such measurements are shown in Fig. 1. Relatively concentrated enzyme 





th 
tr: 


nd 
its 
ed 


he 
he 
he 
‘he 
yas 

of 

of 


of 
ive 
be 
of 


me 











S. F. VELICK 565 


solutions were employed and the added DPN was sufficient to saturate 
the enzyme. In order to measure reaction velocities at these concen- 
trations of enzyme it was necessary to use glyceraldehyde instead of the 
more rapidly reacting glyceraldehyde-3-phosphate as substrate (14). It 
may be seen that the inhibition is approximately linear with added in- 














O5+ 
ys : 
oat 
é 
a € 
03+ B 
¥ 
D 
802+ 
S 
ot I 
{ 
lat in nan 1L L i 
l 2 3 4 5 6 7 
MINUTE S 


Fig. 1. The inhibition of glyceraldehyde-3-phosphate dehydrogenase (yeast) by 
p-chloromercuribenzoate. The reactions were carried out in 0.1 m sodium arsenate 
buffer, pH 7.6, and were followed by measuring the rate of increase in optical density 
at 340 my in the Beckman spectrophotometer in cuvettes of 1 cm. light path. The 
concentrations, in moles per liter X 10%, were for enzyme, 0.016; DPN, 0.286; pL- 
glyceraldehyde, 4.0. Reaction A was carried out in 0.003 m cysteine with no in- 
hibitor. In Reactions B, C, and D cysteine was omitted in the initial reaction 
mixtures. The inhibitor concentrations in these reactions were, respectively, 0.0000, 
0.0128, and 0.0336 mole per liter X 10%. In Reactions C and D cysteine at a final 
concentration of 0.003 m was added at the time indicated by the arrows. 


hibitor and is complete when 2 equivalents of inhibitor have been added. 
The rates of reaction with the inhibited systems immediately reach the 
level of the uninhibited systems after the addition of cysteine. The effect 
is therefore completely reversible. As will be shown by direct binding 
measurements the inhibition is accompanied by stoichiometric combination 
of the inhibitor with the protein. The correlation of binding, inhibition, 
and reactivation is in accord with the idea that the inhibitor acts by mer- 
captide formation with essential thiol groups of the enzyme. Two free 
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thiol groups are essential for the activity of the yeast enzyme. Unlike 
urease (12) inhibition begins with the Ist equivalent of inhibitor that is 
added. 

The yeast enzyme-inhibitor compound can be crystallized and recrystal- 
lized under the same conditions as the enzyme. Solutions of the recrystal- 
lized enzyme-inhibitor compound are completely inactive in the absence 
of cysteine. 

As usually prepared the mammalian enzyme, after a few recrystalliza- 
tions, may show as little as 10 per cent of maximal activity unless it is 
first incubated with cysteine. When enzyme in the inactive state is treated 
with phenylmercuric chloride derivatives, the activity cannot be restored 
with cysteine and the enzyme slowly precipitates from solution. When 
the enzyme is crystallized in the presence of cysteine or 0.001 m cyanide 
and then a few times in the absence of these reagents, crystals are obtained 
which show high activity without the addition of an activator. With 
enzyme prepared in this way reversible inhibition with phenylmercuric 
chloride derivatives is obtained as shown in Fig. 2. Inhibition is not 
quite complete when 3 equivalents of inhibitor have been added. 

It has not been possible to crystallize the mammalian enzyme in the 
presence of the inhibitor. Although the enzyme-inhibitor compound re- 
tains full potential activity at room temperature sufficiently long for a 
variety of measurements to be carried out, it is less stable than the enzyme- 
(DPN): complex or the charcoal-treated enzyme which is free of DPN. 
The enzyme-inhibitor compound is more soluble in concentrated am- 
monium sulfate solutions than is the enzyme-(DPN)2 complex. On stand- 
ing in the cold in 67 per cent saturated ammonium sulfate, pH 8.4, amorph- 
ous denatured protein slowly precipitates. 

Combination with Inhibitor and Binding and Release of DPN—Crystals 
of the enzyme-(DPN)2 complex from rabbit muscle were dissolved in 
0.05 m sodium arsenate buffer, pH 7.6. After determination of the protein 
concentration a series of solutions was made up containing constant con- 
centrations of protein and increasing amounts of p-chloromercuripheny! 
sulfonate. The solutions were sedimented in the ultracentrifuge at 0° 
and layers of the resulting solutions were analyzed for DPN, mercury, and 
protein. The results are presented in Table I. Whereas the enzyme 
carries down with it most of the originally bound DPN, the enzyme- 
inhibitor compound releases its DPN into the supernatant layers in 
amounts which are a function of the amounts of combined inhibitor. The 
mercury binding, DPN release, and inhibition of enzyme activity are 
plotted in Fig. 3. 

In previous work it was found that there were three potential DPN- 
binding sites on the enzyme but that only two of these sites were available 





> ~~ _~ a — we ~ 





S. F. VELICK 567 


in the untreated recrystallized enzyme. The third site became available 
after treatment of the enzyme-(DPN). complex with charcoal (9). The 
present work shows that substitution of the inhibitor in three essential 
thiol groups of the enzyme is necessary for complete inhibition. 
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Fig. 2. The inhibition of glyceraldehyde-3-phosphate dehydrogenase (muscle) 
by p-chloromercuriphenyl sulfonate. The reactions were carried out in 0.05 m 
sodium arsenate, pH 7.6, and were followed as described in Fig. 1. The concentra- 
tions, in moles per liter X 10*, were for enzyme 0.031; DPN, 0.062, all in the bound 
form; pL-glyceraldehyde, 4.0; cysteine, none. The inhibitor concentrations in Re- 
actions A, B, C, and D, respectively, were 0.000, 0.040, 0.061, and 0.081 mole per 
liter X 10%. Cysteine at a final concentration of 0.003 m was added to Reactions C 
and D at the times indicated by the arrows. The rate of Reactions C and D after 
reactivation with cysteine was slightly greater than that of Reaction A in which 
neither inhibitor nor cysteine was present, but was the same as that of control reac- 
tions run in the presence of cysteine. 


Experiments with the yeast enzyme are summarized in Table II. This 
enzyme after recrystallization contains no detectable DPN. Tubes B, C, 
and D (Table II) show the DPN binding by the enzyme. Similar experi- 
ments, carried out with a large excess of DPN, in which the DPN analyses 
were made by enzymatic reduction and measurement of the change in 
optical density at 340 my, showed a maximal DPN binding capacity of 2 
equivalents per mole of protein (mol. wt. 120,000). The apparent dis- 
sociation constant, K’ppy, of the yeast enzyme-DPN complex is approxi- 
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TaBLe I[ 


Binding of p-Chloromercuriphenyl Sulfonate and Release of DPN by Glyceraldehyde- 
3-phosphate Dehydrogenase Crystallized from Rabbit Skeletal Muscle 


| TubeA | TubeB | Tube C | TubeD | TubeE 





Additions, um per ml. 





Enzyme-(DPN)s:.............. 0.033 | 0.033 | 0.033 
| in data eae | 0.000} 0.033 0.966 


0.033 | 0.033 
0.100 | 0.200 








Results of ultracentrifugal separation, um per ml. 
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Fig. 3. The reaction of p-chloromercuriphenyl sulfonate with the mammalian 
glyceraldehyde-3-phosphate dehydrogenase. O, the number of moles of inhibitor 
bound per mole of enzyme; @, the number of moles of DPN released per mole of 
enzyme; ©, the specific activity of the enzyme. These quantities are plotted as a 
function of the number of equivalents of inhibitor added per mole of enzyme. 
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mately the same as that of the complex obtained with DPN and the char- 
coal-treated mammalian enzyme (9). As with the latter enzyme K’ppx 
decreases throughout the titration curve. The binding of DPN by the 
enzyme crystallized from yeast is seen to be completely blocked by the 
addition of 2 equivalents of inhibitor. 

Absorption Spectra—In kinetic studies of the dehydrogenase reaction at 
high enzyme concentration and in assays of bound DPN by enzymatic 
reduction, an appreciable absorption by the enzyme at 340 muy had rou- 
tinely been observed. The spectrum of the recrystallized enzyme-(DPN). 
complex in this region exhibited a tail declining from the main absorption 


TABLE II 


Binding of DPN and p-Chloromercuribenzoate by Glyceraldehyde-8-phosphate 
Dehydrogenase Crystallized from Yeast 





| Tube A | Tube B | TubeC | TubeD | Tube E 








Additions, uM per ml. 





NINE ices) 5 cc eoceant celts ee | 0.015 | 0.015 | 0.015 | 0.015 | 0.015 
GN cn dincc sd cesniuue cee 0.000 | 0.0145 | 0.029 | 0.058 | 0.058 


WN sci cinccche 0.039 | 0.000 | 0.000 | 0.000 | 0.039 


Results of ultracentrifugal separation, um per ml. 





bre; eee ae | 0.0081 | 0.0168 | 0.0282 | 0.001 
0 GRE BEAR AHER | 0.0064 | 0.0122 | 0.0298 | 0.057 
Inhibitor, Bowne... 51s. 0.s0sdnyn ad | 0.030 | | 0.029 
i PO ita. vosiin gaa tad | 0.0086 | | | | 0.0096 
K'ppn, moles per l. X 108.............. 11.7 | 0.96 0.19 | 





band at 276 my. It was observed in the inhibition experiments with 
p-chloromercuripheny! sulfonate that the initial optical densities at 340 
my of the enzyme solutions prior to addition of aldehyde decreased with 
increasing concentrations of inhibitor and reached constant minimal values 
when 3 equivalents of inhibitor had been added. When cysteine was 
added to solutions of the inhibited enzyme, the optical density at 340 mu 
immediately rose to a level slightly above the original values. In view of 
the effect of the inhibitor upon the binding of DPN and its reversal by 
cysteine it seemed likely that the spectral effect was associated with DPN 
binding and release. The same decrease in absorption in the 340 my 
region could be obtained by removal of the bound DPN with charcoal. 
Starting with charcoal-treated enzyme the optical density at 340 mp was 
found to increase with successive additions of DPN until 3 equivalents 
had been added. These results are shown in Fig. 4. The absorption 
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band obtained by difference between the spectra of the charcoal-treated 
enzyme and the reconstituted complex is a diffuse one, extending from 
about 310 to beyond 400 my with a maximum between 360 and 370 mu. 
The extinction coefficient at 340 my is approximately 0.08 * 10’ sq. cm. 
per mole of bound DPN. 





® 
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EQUIVALENTS PCMPS EQUIVALENTS DPN 


Fic. 4. In A the curve shows the effect of increments of p-chloromercuripheny] 
sulfonate upon the optical density at 340 my of the enzyme-(DPN): complex at an 
enzyme concentration of 0.031 X 10-* mole per ml. 0.003 M cysteine added at arrow. 
The decrease in extinction coefficient per mole of DPN released is 0.06 X 107 sq. em. 
per mole. In B the curve shows the increase in absorption at 340 my when incre- 
ments of DPN are added to the charcoal-treated enzyme. On the basis of 3 equiv- 
alents of DPN bound the increase in extinction coefficient is 0.084 X 107 sq. em. per 
mole. The enzyme concentration in this experiment was 0.0317 X 10-® mole per ml. 





The absorption of the untreated enzyme-(DPN).2 complex in the 340 mu 
region decreases with successive recrystallizations. This results in part 
from the removal of impurities, but it is also associated with the inactiva- 
tion of the enzyme which can be reversed with cysteine. Such reversibly 
inactivated enzyme still binds 2 equivalents of DPN strongly (9). The 
characteristic absorption band of the enzyme-DPN complex therefore 
involves not only the binding of DPN but an additional interaction which 
only occurs when the enzyme is fully activated. This behavior is com- 
patible with the idea that the DPN is bound to the protein at several 
parts of the nucleotide structure (15, 9). 
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The spectrophotometric titration of DPN binding by the charcoal- 
treated enzyme (Fig. 4) was carried out at 26°. Unlike the ultracentrifu- 
gal separation method the spectrophotometric titration is rapid and mini- 
mizes the possibility of artifacts resulting from thermal inactivation. As 
in the separation method the saturation of the charcoal-treated enzyme 
occurs with 3 equivalents of DPN. Since free DPN is not measured 
directly in the spectrophotometric titration, the spectral change is plotted 
against the total amount of added DPN. At the concentrations em- 
ployed no significant dissociation was detected. In order to measure 
dissociation by this method it will be necessary to use much more dilute 
solutions and a more sensitive and stable spectrophotometer. It is ap- 
parent that the dissociation at 26° is small. The temperature coefficient, 
and hence the change in enthalpy, AH, is also small. The large decrease 
in free energy, AF, in DPN binding is therefore accompanied by a large 
net increase in the entropy of the system. Similar results have been ob- 
tained by Klotz and Urquhart (16) with methyl orange and bovine serum 
albumin. They attributed the entropy change to a decrease in hydration 
at the binding sites. A negative entropy change in the protein itself 
resulting from stabilization would be masked by the hydration effect. 


DISCUSSION 


The phenylmercuric chloride derivatives react strongly but reversibly 
with both the yeast and mammalian enzymes to form derivatives which 
are very slightly dissociated and which are incapable of binding DPN. 
The binding of the inhibitor and the displacement of bound DPN appears 
to be competitive. However, because of the disparity in the apparent 
dissociation constants it is difficult to detect a reciprocal effect of DPN 
upon the formation of the enzyme-inhibitor compound. That the in- 
hibitors react by mercaptide formation is probable from the properties 
of the reagents, the slight degree of dissociation of the enzyme-inhibitor 
compounds, and the fact that the enzymes are known to contain essential 
thiol groups. Since the organic substituent, pH, and competition of 
halide ions for the mercury affect the equilibrium, the present results can- 
not be directly compared with those of Hughes on mercaptoalbumin (17) 
or of Ambrose, Kistiakowsky, and Kridl on the inhibition of urease with 
silver ions (18). 

If mercaptide formation occurs with the dehydrogenases, the essential 
thiol groups either lie on the DPN-binding sites or are sufficiently close to 
them that the charged phenyl group offers steric or electrostatic hindrance 
to the approach of DPN. The alternative is that the inhibitor disturbs 
the surface configuration of the enzyme over an extended area and thus 
destroys indirectly the affinity of the protein for the coenzyme. That a 
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general effect occurs is supported by the fact that heavy metal inhibitors 
at low concentration promote denaturation of the protein. 

The characteristic absorption band of the enzyme-DPN complex and 
its disappearance in the presence ‘of reagents for thiol groups was observed 
independently by Racker and Krimsky (19). A somewhat similar but 
more dramatic effect with the reduced coenzyme, DPNH, and alcohol 
dehydrogenase crystallized from horse liver had previously been described 
by Theorell and Bonnichsen (20). In both cases the authors postulated 
the formation of a direct bond between the thiol group and the coenzyme 
although the nature of the bond would be expected to be different in the 
two cases. These results raise new questions concerning the mechanisms 
of coenzyme activation and of catalysis by dehydrogenases. It is signifi- 
cant that lactic dehydrogenase, which has long been known not to be 
sensitive to reagents for thiol groups, gives a spectral shift with DPNH, 
and that alcohol dehydrogenase crystallized from yeast has not given a 
detectable spectral shift with DPNH, although it is inhibited by p-chloro- 
mercuribenzoate.! 


SUMMARY 


1. Glyceraldehyde-3-phosphate dehydrogenase crystallized from yeast 
combines with 2 equivalents of p-chloromercuribenzoate. The enzyme- 
inhibitor compound, which may be crystallized, is completely inactive and 
may be fully reactivated by the addition of cysteine. 

2. The dehydrogenase crystallized from rabbit muscle combines with 3 
equivalents of p-chloromercuriphenyl sulfonate. The inactive enzyme- 
inhibitor compound is completely reactivated by the addition of cysteine. 

3. Measurements of DPN and inhibitor binding by the enzymes have 
been made by the ultracentrifugal separation method. Combination of 
the mammalian enzyme with the inhibitor is accompanied by the release of 
the bound DPN. The yeast enzyme-inhibitor compound is incapable of 
binding DPN. 

4, The binding of DPN, its release by inhibitor, and recombination in 
the presence of cysteine have also been followed, without ultracentrifugal 
separation, by measurement of changes in the characteristic absorption 
band of the enzyme-DPN complex. 


BIBLIOGRAPHY 


. Rapkine, L., Biochem. J., 32, 1329 (1938). 

. Cori, G. T., Slein, M. W., and Cori, C. F., J. Biol. Chem., 173, 605 (1948). 

. Rapkine, L., Rapkine, 8: M., and Trpinac, P., Compt. rend. Acad., 209, 253 (1939). 
. Labeyrie, F., Bull. Soc. chim. biol., 31, 1624 (1949). 

. Barron, E. 8. G., Advances in Enzymol., 11, 201 (1951). 


arf Whe 





1 Private communication from Dr. Britton Chance. 





rs 


id 
od 
ut 
ol 


13 
1e- 
ne. 
ie 


of 
of 
gal 


ion 


39). 





16. 
17. 
18. 


19. 
20. 


S. F. VELICK 573 


. Kunitz, M., and McDonald, M. R., J. Gen. Physiol., 29, 393 (1946). 

. Rafter, G. W., and Krebs, E. G., Arch. Biochem., 29, 233 (1950). 

. Warburg, O., and Christian, W., Biochem. Z., 308, 40 (1939). 

. Velick, S. F., Hayes, J. E., Jr., and Harting, J., J. Biol. Chem., 203, 527 (1953). 
. Fischer, H. O. L., and Baer, E., Helv. chim. acta, 18, 514 (1934). 

. Wohl, A., Ber. chem. Ges., 31, 2395 (1898). 

. Hellerman, L., Chinard, F. P., and Deitz, V. R., J. Biol. Chem., 147, 443 (1943). 
. Sandell, E. B., Colorimetric determination of traces of metals, New York, 321 


(1944). 


. Cori, C. F., Velick, S. F., and Cori, G. T., Biochim. et biophys. acta, 4, 160 (1950). 
. Pullman, M. E., Colowick, S. P., and Kaplan, N. O., J. Biol. Chem., 194, 593 


(1952). 
Klotz, I. M., and Urquhart, J. M., J. Am. Chem. Soc., 71, 847 (1949). 
Hughes, W. L., Jr., Cold Spring Harbor Symposia Quant. Biol., 19, 79 (1949). 
Ambrose, J. F., Kistiakowsky, G. B., and Kridl, A. G., J. Am. Chem. Soc., 78, 
1232 (1951). 
Racker, E., and Krimsky, I., Nature, 169, 1043 (1952). 
Theorell, H., and Bonnichsen, R., Acta. chem. Scand., 5, 1105 (1951). 





Se ae eS ee ae nO RE EES a a a — Oe. = !_ ——_ 
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The crystallization of glyceraldehyde-3-phosphate dehydrogenase from 
yeast cells (1) and from rabbit skeletal muscle (2) provided the opportu- 
nity for comparing two enzymes which have the same catalytic activity 
but which are isolated from different sources. As the biogenetic relation- 
ship between the sources becomes more distant the chance for cumulative 
differences arising from mutations in the synthesis of a pair of correspond- 
ing enzymes becomes greater. Both enzymes participate in portions of 
the glycolytic sequence which are identical in the two organisms but 
operate under conditions which are quite different. Amino acid analyses 
of the mammalian enzyme have been published (3). We present here 
analyses of the N-amino acid end-groups of the two proteins and com- 
parative analyses of the amino acids. Some of the other properties of 
the two enzymes are summarized and briefly discussed. 


Methods 


The preparations of the mammalian enzyme were recrystallized four 
times. Samples of the protein for end-group analysis were dialyzed 
against 0.1 m sodium bicarbonate to remove ammonium sulfate. The 
p-iodophenylsulfonyl (pipsyl) derivatives of the proteins were prepared 
directly from the dialyzed solutions (4). For amino acid analyses samples 
of the dissolved enzyme were dialyzed exhaustively against distilled water 
and then vacuum-dried. Air-equilibrated samples with moisture correc- 
tions (100° at 1 mm. of mercury over phosphorus pentoxide) were hydro- 
lyzed in a sealed tube at 110° with 6 N hydrochloric acid for 16 hours. 

Preparations of the yeast enzyme by the method of Warburg and Chris- 
tian (1) were made by us and by Dr. E. G. Krebs in this laboratory and 
were recrystallized six times. These preparations were used both for 


* This work was supported in part by a grant from the American Cancer Society 
on the recommendation of the Committee on Growth of the National Research 
Council. 


+ Present address, the National Heart Institute, National Institutes of Health, 
Bethesda, Maryland. 
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end-group and for amino acid analyses. Subsequently it was found by 
Rafter and Krebs (5) that the crystalline yeast protein No. 2 of Kunitz 
and McDonald (6) had approximately the same specific dehydrogenase 
activity as the Warburg and Christian enzyme. The two preparations 
have the same immunological properties and sedimentation constants and 
are indistinguishable electrophoretically under most conditions. However, 
in barbiturate buffer, pH 8.5, the Warburg preparation is unstable and the 
Kunitz preparation separates into two peaks without loss of activity (7). 
Krebs and coworkers have found additional evidence for inhomogeneities 
in the Kunitz and McDonald preparation, but it appears possible that 
these are active modifications of the same enzyme (7). We have not 
repeated the amino acid analyses on the enzyme prepared by the method 
of Kunitz and McDonald but have compared two-dimensional chro- 
matograms of acid hydrolysates of the yeast enzyme prepared by the two 
procedures. Within the limits of error of visual inspection, the chromato- 
grams were identical. The identified amino acid end-groups of the two 
preparations were also the same. 

Amino Acid Analyses—Analyses for ten monoamino acids were carried 
out by isotope derivative indicator methods, the details of which have 
been described (8). In most cases analyses for a given amino acid were 
carried out in parallel on the two enzymes. Microbiological assays were 
employed for determination of some of the amino acids to which the iso- 
tope derivative methods had not been extended. It should be noted that 
glycine, alanine, and proline had previously been determined in the muscle 
enzyme by the isotope derivative carrier method in which final stages of 
purification of the ['*!-labeled pipsyl derivatives were carried out by frac- 
tional recrystallization with the aid of unlabeled carriers (9). In the pres- 
ent work the final purification was carried out chromatographically with 
the corresponding S*-labeled derivatives as indicators (10, 8). The agree- 
ment between the glycine and alanine analyses by the two variations of 
the method is satisfactory. A comparison of the results of microbiological 
and isotopic analyses was made in the analytical study of phosphorylase 
(11). 

In comparing the compositions of two proteins by methods the uncer- 
tainties of which are estimated to be +3 per cent it is apparent that dif- 
ferences as large as 6 to 8 per cent in the content of a given amino acid 
may not be significant. Results that agree within these limits would 
leave open the possibility of identity in composition but would not neces- 
sarily establish it. On the other hand, differences much greater than this, 
with other analytical criteria satisfied, would indicate conclusively that 
the two proteins are not identical. 

End-Group Analysis—Solutions containing 20 to 40 mg. of enzyme in 2 
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to 7 ml. were dialyzed against 0.1 mM sodium bicarbonate at 3° and ethanol 
was then added slowly to the solution to a final concentration of 60 per 
cent. The solution was then shaken on a vibrator at room temperature 
for 3 hours with 300 to 400 mg. of I'*!-labeled pipsy] chloride dissolved in 
1 ml. of benzene (4). The protein derivative, which had the properties 
of insoluble denatured protein, was washed free of soluble radioactive 
impurities and was then dissolved in 0.2 n sodium hydroxide with warm- 
ing. The concentration of protein in the solution was determined by an 
analysis for proline by the isotope derivative indicator method. In ex- 
ploratory runs the hydrolysis of the protein derivative and the fractiona- 
tion of the terminal derivatives were carried out without the addition of 
$*°-labeled indicators. It was found with both proteins that only one 
ether-soluble derivative was obtained and that this derivative occurred 
in the counter-current Group III with an Rp, in the butanol-ammonia 
system corresponding either to valine or methionine. The bands were 
eluted and portions of the band from each protein were rechromatographed 
separately with $*5-labeled pipsylvaline and S**-labeled pipsylmethionine. 
With methionine indicator in both cases a single diffuse band was obtained 
with almost pure S* radiation at the tail and almost pure I radiation 
at the head. This showed that the end-group was not methionine. The 
bands with added valine indicator were compact and showed constant 
ratios of I'*!:S*> along the direction of migration. This provided positive 
identification of valine as the amino end-group in the two proteins. For 
quantitative determinations of the end-groups the hydrolyses of the ['*!- 
labeled protein derivative were carried out in the presence of known 
amounts of the S**-labeled valine and lysine indicators. The analyses 
were obtained from the ratios of I'*:S* radiation in the final chromato- 
graphic bands. The hydrolysis times were 10 to 16 hours in 6 Nn hydro- 
chloric acid at 110°. 

We have carried out exploratory experiments on the internal peptide 
structures of the two enzymes. Samples of the S**-labeled pipsyl deriva- 
tive of the yeast enzyme and of the I"*!-labeled derivative of the muscle 
enzyme were mixed and subjected to partial hydrolysis in concentrated 
hydrochloric acid at 37°. A series of six pipsyl-labeled peptides was ob- 
tained by solvent partition and chromatography. The four bands ob- 
tained in the largest amounts in the final chromatograms were labeled 
with both I'*! and S* and consisted of peptides containing lysine. The 
ratios of I*':S** along the direction of migration of the bands were con- 
stant and were the same in the four bands. This indicated that the same 
four peptides were obtained from the two proteins in the same relative 
amounts. Portions of the amino acid sequences in the peptide chains of 
the two proteins were therefore identical. 
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Results 


The results of the amino acid analyses are summarized in Table I. 
There is seen to be a close parallelism in the distribution of the amino 
acids in the two proteins. The characteristic features of the muscle en- 
zyme which distinguish it from the other muscle proteins so far examined, 
namely the high valine and low glutamic acid contents, are exhibited 


TaBLe I 


Amino Acid Compositions of Glyceraldehyde-3-phosphate Dehydrogenases Crystallized 
from Yeast and from Rabbit Muscle 








Amino acid Rabbit | Yeast | Method | Aminoacid | Rabbit | Yeast | Method 
gm. per | gm. per | | gm. per | gm. per | 
100 gm. | 100 gm. | | 100 gm. | 100 gm. 
dry ry | | dry | dry | 
weight weight | weight weight 
Glycine 5.9 | 4.9 | Isotope* | Glutamic 5.7. | 4.3 | Isotope 
| acid 
Alanine | 7.1 | 7.3 | “ | Phenyl- 5.8 | 4.9 “ 
| | alanine | 
Valine 9.2 | 10.3 | e Tyrosine 4.6 | 5.2 | Photometrict 
Proline 3.4 | 3.8 | fe Trypto- b SR ot eae . t 
| | phan | | 
Hydroxy- | 0.00) 0.00) « Methionine | 2.7 | 2.8 | Microbio- 
proline | | | logical § 
Serine | 4.4 4.7 ae Arginine 5.2 6.0 i 
Threonine | 5.2 | 6.0 . Histidine 5.0 3.5 es 
Aspartic 10.6 9.9 | i Lysine 9.7 | 10.7 ee 
acid 


* The isotope derivative indicator method. 
t Photometric method (12). 


t The method of Lugg (12) was followed in isolating the tryptophan. The photo- 
metric analysis was made by direct measurement of the absorption band of the 
mercury complex without color development. 


§ Microbiological assay with Leuconostoc mesenteroides (13). We are indebted to 
Dr. Ann Hunt for assistance in the microbiological assays. 


also by the enzyme from yeast. There are, however, differences in the 
contents of several amino acids. Those of glycine and glutamic acid, for 
example, are greater than the probable limits of error of the isotope deriva- 
tive indicator method employed in the analysis. Although there may be 
some question concerning the absolute accuracies of microbiological assays 
on different materials, the differences in the microbiological assays for 
histidine appear to be significant and are in accord with the titration 
curves (14). 

In Table II are presented the amino end-group analyses. Both pro- 
teins yielded about 1.7 valine amino end-groups. This is interpreted as 
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indicating the presence of two peptide chains terminated at the amino 
ends by valine. Two valine end-groups, +0.1, in both proteins! have also 
been found by the dinitrofluorobenzene method of Sanger (15). No evi- 
dence for a glutamic acid end-group was obtained by either method. 
Glutamic acid was of interest because of the report by Racker and Krim- 
sky (16) that glutathione is firmly bound to the recrystallized enzyme. 


TasB.e II 
Amino End-Group Analyses of Glyceraldehyde-3-phosphate Dehydrogenases of Yeast 
and of Rabbit Skeletal Muscle 









































Radioactivity ratio, | sis jadine End-groups 
Enzyme cea i 5 +| Sample | I" reagent | ; dicator Sulfur? “a 
Valine end-groups 
Sn (ae iki s uM le.p.m. per uM cpm. | | anil 
Rabbit 0.135 + 0.000 | 0.0316 | 185,600 | 17,180 | 0.5456 | 1.6 
* 0.0863 + 0.001 | 0.0202 411,850 | 49,200 | 0.282 1 WY 
Yeast 0.0625 + 0.001 | 0.0123 | 476,300 | 48,377 | 0.1834 1.5 
Lysine 
Rabbit 0.150 + 0.002 | 0.00292 185,600 | 57,828 | 0.644 | 69 
Yeast | 0.105 + 0.001 | 0.000627 | 476,300 | 63,420 | 0.3624 76 


* The ratios B:A are the averages of the results obtained on three consecutive 
segments of the isolated chromatographic band. The average deviations are given. 

+ The ratio, R, of iodine to sulfur in an isolated chromatographic band is calcu- 
lated from the relation R = ((B/A) — fs)/(fr — (B/A)), where fs and f; are the frac- 
tions of the S** and I'#! radiations, respectively, that pass the filter. 

¢ The end-group residues per molecule of protein are calculated from the relation 
residues/molecule = S*5 counts per minute added X R X I'*! (micromoles per counts 
per minute) X 1/protein (micromoles). 


Several of the properties of the yeast and mammalian enzyme are sum- 
marized in Table III. The general conclusion that one may draw from 
such information is that the proteins are closely related in composition 
and structure but differ in details. The immunological differences, the 
contrasting resistance to heat and to acid, the different isoelectric regions, 
and the variations in kinetic behavior and coenzyme affinity indicate dif- 
ferences in the internal structures of the two proteins. The similarity in 
composition and the stoichiometry both in coenzyme binding and in in- 
hibition by phenylmercuric chloride derivatives provide some evidence 
for the essential homogeneity of the two dehydrogenases. 

Many complicated metabolic pathways in nature are of wide-spread 


1 Unpublished work with Mr. Joseph E. Hayes, Jr. 
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occurrence in organisms of grossly different types. This applies both to 
the type and sequence of the chemical reactions and the identity of the 
intermediates. Such comparisons have thrown light both upon biogenetic 


TaB_e III 


Comparison of Properties of Glyceraldehyde-3-phosphate Dehydrogenases Crystallized 
from Yeast and from Rabbit Muscle 











Enzyme properties | Yeast | Rabbit | Enzyme properties | Yeast Rabbit 
| | | 
Amino end- 2 valine| 2 valine) DPN, Kn 44 X 10-°¢ | 3.9 x 10-5** 
groups | Glyceralde- 16 X 10-°Y | 4 XxX 10-5** 
Amino acid com-) Similar distribu- hyde-3-phos- 
position tions with small phate, Kn 
variations Isoelectric re-| pH 4-7 pH 5.5-8.5 
Mol. wt.* 120,000 | 118,000 giontt 
Essential thiol | 2 3 Stability Stable in| Very unsta- 
groupst solution at} ble in solu- 
DPN-binding 2 2 26°, pH 5 tion at 26° 
capacityt 3 pH 5 
Apparent disso-| 10-6 1077 Crystallization | Crystallizes | Crystallizes 
ciation con- 10-6 | from  am- at pH 4.5- well only as 
stants of en- | monium sul- 8.5, free of DPN com- 
zyme-DPN | fate solution) DPN plex, pH 
complex§ 8.2-8.5 
Antigenic in + - | 
chickens | 

















* From sedimentation and diffusion measurements by Dr. J. F. Taylor (private 
communication). 

{ From the stoichiometry of inhibition by phenylmercuric chloride derivatives 
(17). 

¢ Determined by the ultracentrifugal separation method and by spectrophoto- 
metric titration. The value of 2 for the mammalian enzyme is obtained with the 
untreated recrystallized enzyme and the value of 3 is obtained with the charcoal- 
treated enzyme (17,18). The binding by the yeast enzyme is described in an accom- 
panying paper (17). 

§ Yeast enzyme (17); mammalian enzyme (18). The apparent dissociation con- 
stants of both the yeast and mammalian enzymes, determined by the ultracentrifu- 
gal separation method, decrease as saturation of the enzyme with DPN (diphospho- 
pyridine nucleotide) is approached. 

|| Experiments of Krebs and Najjar (19). 

{ From measurements by Bucher and Garbade (20). The Michaelis constants 
for both glyceraldehyde-3-phosphate and DPN with the yeast enzyme were found 
by these workers to depend upon the concentration of arsenate used in the test 
system. The values selected are those made under the concentration conditions 
employed with the mammalian enzyme. 

** From Cori, Slein, and Cori (2). 

tt The isoelectric points of both enzymes are strongly dependent upon the type 
and concentration of the buffer (12). 
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relationships and upon metabolic mechanisms. The extension of com- 
parative studies to the architecture of the catalysts may provide similar 
information and should also aid in distinguishing those features of the 
chemical structures of proteins which are involved in the performance of a 
given function. The small differences in the properties of the two de- 
hydrogenases may have arisen as the result of mutations. That the dif- 
ferences are not greater in enzymes isolated from mammalian skeletal 
muscle and from a unicellular fungus suggests that the structural require- 
ments for the activities of these enzymes are extensive. It is instructive to 
note the results obtained with an extracellular enzyme in which the re- 
quirements for specificity toward substrates and for interaction with other 
enzymes are less exacting. An example is pepsin isolated from the gastric 
mucosa of swine (21) and of salmon (22). These pepsins differ not only 
in amino acid composition (22) but also in substrate specificity (23). 


SUMMARY 


1. The glyceraldehyde-3-phosphate dehydrogenases crystallized from 
yeast and from rabbit muscle contain two peptide chains terminated at 
the amino ends by valine. 

2. The amino acid compositions of the two proteins are very similar 
but are not identical. These differences manifest themselves by small 
variations in both the chemical and physical properties of the proteins. 


The I!*! and S** used in this investigation were supplied by the Isotopes 
Division of the United States Atomic Energy Commission. 


BIBLIOGRAPHY 


. Warburg, O., and Christian, W., Biochem. Z., 308, 40 (1939). 

. Cori, G. T., Slein, M. W., and Cori, C. F., J. Biol. Chem., 178, 605 (1948). 

. Velick, S. F., and Ronzoni, E., J. Biol. Chem., 178, 627 (1948). 

. Udenfriend, S., and Velick, S. F., J. Biol. Chem., 190, 733 (1951). 

. Rafter, G. W., and Krebs, E. G., Arch. Biochem., 29, 233 (1950). 

. Kunitz, M., and McDonald, M. R., J. Gen. Physiol., 29, 393 (1946). 

. Krebs, E. G., Rafter, G. W., and Junge, J. M., J. Biol. Chem., 200, 479 (1953). 

. Velick, S. F., and Udenfriend, S., J. Biol. Chem., 190, 721 (1951). 

. Keston, A. S., Udenfriend, S., and Cannan, R. K., J. Am. Chem. Soc., 71, 249 
(1949). 

10. Keston, A. S., Udenfriend, S., and Levy, M., J. Am. Chem. Soc., 72, 748 (1950). 

11. Velick, S. F., and Wicks, L. F., J. Biol. Chem., 190, 741 (1951). 

12. Lugg, J. W. M., Biochem. J., 31, 1723 (1937). 

13. Dunn, M. S., Shankman, S., Camien, M. N., Frankl, W., and Rockland, L. B., 

J. Biol. Chem., 156, 703 (1944). 

14. Velick, S. F., and Hayes, J. E., Jr., J. Biol. Chem., 208, 545 (1953). 

15. Sanger, F., Biochem. J., 39, 507 (1945). 

16. Racker, E., and Krimsky, I., Nature, 169, 1043 (1952). 


amr Wh 


~I 


oOo Co 








582 GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASES 


17. Velick, S. F., J. Biol. Chem., 208, 563 (1953). 


18. Velick, S. F., Hayes, J. E., Jr., and Harting, J., J. Biol. Chem., 208, 527 (1953). 


19. Krebs, E. G., and Najjar, V., J. Exp. Med., 88, 569 (1948). 

20. Bucher, T., and Garbade, K. H., Biochim. et biophys. acta, 8, 220 (1952). 
21. Northrop, J. H., J. Gen. Physiol., 18, 739 (1930). 

22. Norris, E. R., and Elam, D. W., J. Biol. Chem., 134, 443 (1940). 

23. Fruton, J.S., and Bergmann, M., J. Biol. Chem., 136, 559 (1940). 











1953), 








BIOSYNTHESIS OF THE PURINES 


V. CONVERSION OF HYPOXANTHINE TO INOSINIC 
ACID BY LIVER ENZYMES* 


By WILLIAM J. WILLIAMS} ano JOHN M. BUCHANAN 


(From the Department of Physiological Chemistry, School of Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, January 12, 1953) 


The observation by Greenberg (2) that inosine-5-phosphate is involved 
as an intermediate in the synthesis of hypoxanthine from its elementary 
precursors in pigeon liver has stimulated further study on the mechanism 
of ribotide formation in this system. It is believed that a ribose phosphate 
compound is added to a purine precursor prior to formation of the com- 
pleted purine ring. In order to obtain some understanding of the mech- 
anism of formation of ribotides in pigeon liver, the synthesis of inosinic 
acid from hypoxanthine was chosen as a model system with the hope that 
information gained from this study could be applied to other reactions 
involving the synthesis of other ribotide compounds. 

The existence of the enzymes nucleoside phosphorylase (3) and adeno- 
sine kinase (4-6) has led to the conclusion a priori that nucleosides may 
be intermediates in the synthesis of nucleotides from purine bases. On the 
other hand, the experiments of Wajzer (7) and Wajzer and Baron (8) have 
suggested that nucleotide synthesis may take place by a direct condensa- 
tion of the purine base with a ribose derivative, although the mechanism 
of this reaction was not actually investigated by the latter authors. The 
present paper is a report of experiments carried out with pigeon liver en- 
zymes, in which it was possible to show the formation of inosinic acid by 
a reaction involving hypoxanthine, ribose-5-phosphate, and adenosinetri- 
phosphate (ATP) without the participation of inosine as an intermediate. 
These experiments favor the point of view that nucleotides may be formed 
by the direct condensation of a purine base with a phosphorylated ribose 
compound. 


EXPERIMENTAL 


Preparation of Enzymes; Fractionation of Pigeon Liver Extract—Extracts 
of livers of adult pigeons were prepared according to a procedure previously 


* A preliminary report of this work has been published (1). This work has been 
supported by grants-in-aid from the National Cancer Institute, National Institutes 
of Health, United States Public Health Service, and the Damon Runyon Memorial 
Fund for Cancer Research. C™ was allocated by the Atomic nergy Commission. 

+ Fellow in Cancer Research of the American Cancer Society (1950-52). 
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described (9). In all experiments, 1 part of tissue was homogenized with 
1.5 parts of buffer. Fractionation of the pigeon liver extract was carried 
out with alcohol at low temperatures. Pigeon liver extract was chilled to 
0° in a dry ice-acetone bath, and 90 per cent ethanol was added slowly to 
15 per cent concentration by volume. During the ethanol addition the 
temperature of the extract-ethanol mixture was maintained just above the 
freezing point by cooling in the dry ice-acetone bath. The precipitate 
which formed in 15 per cent ethanol was collected by centrifugation and 
maintained at —15° until lyophilized. This precipitate forming between 
0 and 15 per cent ethanol concentration was called Fraction I. Ethanol 
was added to a second aliquot of pigeon liver extract to make a concentra- 
tion of 20 per cent, with cooling as above, and the precipitate which formed 
was discarded. The ethanol concentration of the supernatant solution was 
then increased to 45 per cent and the precipitate again collected by cen- 
trifugation and maintained at —15° until lyophilized. This precipitate 
forming between 20 and 45 per cent ethanol was called Fraction II. The 
fractions obtained by these procedures were suspended in a small quantity 
of distilled water and lyophilized, the entire apparatus being maintained at 
—15°. The lyophilized powder was stable for at least several days at 
— 15°, but no long term studies on stability were carried out. Just before 
use, the dried powder was dissolved in the internal salt solution to a 
volume equal to one-half the volume of the original pigeon liver extract. 

Nucleoside phosphorylase was prepared from rat liver essentially accord- 
ing to the method of Kalckar (10). The fraction of rat liver protein pre- 
cipitating between 0.4 and 0.6 saturated ammonium sulfate was treated 
with barium acetate and the supernatant solution obtained after removing 
the barium sulfate-barium phosphate precipitate was used in these experi- 
ments after dialysis against distilled water. 

Xanthine oxidase was prepared according to the method of Ball (11) as 
modified by Kalckar (10). 

Preparation of Substrates—Radioactive hypoxanthine labeled with C™ in 
the 4 position was prepared by the method of Shaw (12).! The final spe- 
cific activity of this product was adjusted to 1000 ¢.p.m. per um for use in 
these experiments. Unlabeled hypoxanthine was purchased from Hoff- 
mann-La Roche and Company. 

Radioactive inosine was prepared from radioactive hypoxanthine by incu- 
bating unlabeled inosine with radioactive hypoxanthine (specific activity 
4900 c.p.m. per uM) in the presence of rat liver nucleoside phosphorylase. 
The vessel was incubated for 10 minutes at 38.5°, and at the end of this 
period the reaction was stopped by immersion in a boiling water bath. 


1 The authors wish to thank Dr. Walter Brooks for the preparation of the sample 
of radioactive hypoxanthine used in these studies. 
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Inosine and hypoxanthine were separated by partition chromatography on 
a starch column, with butanol-water to develop the chromatogram (13). 
Carrier inosine was added to the effluent fraction containing the inosine 
and this fraction was then evaporated to dryness in vacuo at 40°. The 
residue was dissolved in a small amount of water, decolorized with charcoal, 
and recrystallized from a small volume of water. The final product con- 
tained no detectable free hypoxanthine, since no increase in ultraviolet 
extinction at 290 my occurred even on prolonged incubation with xanthine 
oxidase. The specific activity of the final product was adjusted to 1000 
¢.p.m. per uM by dilution with unlabeled inosine. Unlabeled inosine was 
purchased from the Nutritional Biochemicals Corporation. 

Inosinic acid was prepared by deamination of adenosine-5-phosphate 
with adenylic acid deaminase (Schmidt’s deaminase) (10). This compound 
was isolated as the barium salt and was recrystallized from water. The 
barium salt was treated with stoichiometric amounts of sodium sulfate to 
remove the barium prior to use in these experiments. 

Ribose-5-phosphate was prepared by acid hydrolysis of adenosine-5-phos- 
phate by the method of LePage and Umbreit (14). The final product was 
obtained as the barium salt and was converted to the sodium salt with 
sodium sulfate prior to use. This preparation contained small amounts of 
adenylic acid, which can be removed by resin chromatography. The pres- 
ence of small amounts of adenylic acid had little or no effect, however, on 
the course of the reaction. 

Adenosinetriphosphate was purchased from the Sigma Chemical Company 
as the dibarium salt and was converted to the sodium salt with sodium 
sulfate before use. Satisfactory values for 7 minute acid-hydrolyzable 
phosphate (15) and for ultraviolet extinction coefficients were obtained 
with this product (16). 

Procedure—The incubations were performed in 12 ml. conical centrifuge 
tubes in an atmosphere of air. In most of the experiments labeled hypo- 
xanthine and other substrates were incubated with the pigeon liver enzymes 
for 5 minutes at 38.5°, and the reaction was stopped by immersion of the 
vessels in a boiling water bath. The inosinic acid of these vessels was 
separated from inosine and hypoxanthine by use of a small Dowex 1 resin 
column. The details of this procedure have been previously published 
(17). After elution of inosinic acid from this column with 10 ml. of 0.1 
n HCl, 1 ml. was removed and the rest was hydrolyzed in a boiling water 
bath for 30 minutes. 10 mg. of carrier hypoxanthine were added and 
silver hypoxanthine picrate was precipitated by the method of Hitchings 
(18) as described by Schulman, Sonne, and Buchanan (9). The radio- 
activity of these samples was a measure of the incorporation of radioactive 
hypoxanthine into inosinic acid. All samples were counted for a sufficient 
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time to give a standard error of less than 5 per cent, except for the plates 
with very low activity, which were usually counted for 30 minutes. The 
results are expressed as total radioactivity (counts per minute) present in 
the 4 uM of inosinic acid added as carrier on the assumption that the inosinie 
acid formed during the incubation was present in such small quantities as 
to be relatively insignificant compared with the carrier added. 

The quantity of inosinic acid present in the 0.1 N HCl eluate was deter. 
mined by measuring the hypoxanthine released on hydrolysis of an aliquot 
(1 ml.) of the eluate in boiling water for 30 minutes. After neutralization 
of the solution, the hypoxanthine was determined by the enzymatic method 
of Kalckar (19). 

A control experiment was performed to show that the radioactive nucleo- 
tide obtained from the resin column in the above procedure was inosinic 
acid and that no labeling of adenylic acid had occurred. Radioactive hy- 
poxanthine, ATP, ribose-5-phosphate, crude nucleoside phosphorylase, and 
Fraction I in a total volume of 3 ml. were incubated as above. After the 
incubation was stopped by immersion of the vessels in a boiling water 
bath, 12 um of inosinic acid and 13 um of adenosine-5-phosphate were added 
as carrier. The nucleotides were separated on a column of Dowex 1 resin, 
0.005 n HCl being used to develop the chromatogram. The fraction con- 
taining adenylic acid was hydrolyzed by boiling in acid solution, carrier 
adenine sulfate was added, and the solution was then chromatographed on a 
starch column with butanol-water as the solvent. The eluate from the 
starch column containing free adenine was evaporated to dryness. . The 
adenine was dissolved in water, decolorized with charcoal, and then per- 
mitted to crystallize by standing at 0°. This adenine sample was devoid 
of radioactivity. 

The inosinic acid eluted from the Dowex 1 column was isolated as 
‘barium inosinate after the addition of carrier. This sample was found to 
contain 43 ¢c.p.m. per uM when counted on the Geiger-Miiller counter after 
correction was made for the dilution of specific activity caused by the 
addition of carrier. Thus it is seen that radioactivity from radioactive 
hypoxanthine appears in inosinic acid but not in adenylic acid. 


Results 


The initial experiments with pigeon liver extract demonstrated that 
hypoxanthine is rapidly converted to inosinic acid. Data from such an 
experiment appear in the first line of Table I. Also shown in Table I is 
the stimulatory effect of various nucleosides or ribose-5-phosphate on the 
conversion of radioactive hypoxanthine to inosinic acid. The data show 
a 3-fold stimulation of the reaction by the addition of ribose-5-phosphate, 
inosine, or guanosine and a somewhat smaller stimulation by adenosine. ' 
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Since the pigeon liver extract employed in these experiments contained 
nucleoside phosphorylase activity, it was thought that the stimulatory 
effect of the nucleosides was due to the formation of ribose phosphate esters 
on incubation of these compounds with the crude extract. In the experi- 
ments recorded in Table I the procedure differed from that used in subse- 
quent experiments in that inosinic acid was added to the reaction vessel 
before incubation and no carrier was added prior to resin chromatography. 
However, it was later found that in the presence of ribose-5-phosphate or 
inosine it was unnecessary to add inosinic acid prior to incubation in order 
to effect the accumulation of radioactive inosinic acid. For this reason 
this procedure was abandoned and inosinic acid was added as carrier after 


TaslE I 
Effect of Various Ribose Compounds on Conversion of H 











ypoxanthine to Inosinic Acid 
| | Total radioactivity 

Compound added | Quantity added incorporated into 

inosinic acid 


uM c.p.m 
Pe ais Sale ee Sle gare eae te te ee 68 
Ribose-5-phosphate. ...... 20... ccc ceccweees 2 213 
MPI ooo 'one. Si she eG. wane ws Re bgeenneas | 2 189 
EIR OD es s\n, va he dhe & me eee | 2 123 
TEs Se ale ard oink Sas rarhce atayel avai avaaeansiarer ee nore | 2 238 
Hypoxanthine (unlabeled). ................. 2 54 


Each vessel contained labeled hypoxanthine, 3 um (specific activity 1000 c.p.m. 
per uM); sodium inosinate, 4 uM; 0.5 ml. of pigeon liver extract; and the additions 
noted above in a total volume of 1.35 ml. 


the incubation. Omission of inosinic acid from the reaction vessel actu- 
ally resulted in a greater conversion of radioactive hypoxanthine to inosinic 
acid. 

Fractionation of Enzyme System and Identification of Cofactors—When 
the enzymes of the liver extract were precipitated at — 15° with ethanol at 
45 per cent concentration, lyophilized, and redissolved in buffered solution, 
it was found that they could catalyze the conversion of hypoxanthine to 
inosinic acid to a limited extent. Further, it was found that the enzymatic 
action could be stimulated more than 3-fold by the addition of boiled juice 
to the reaction mixture. These data are shown in Table II. Since it was 
probable that the conversion of hypoxanthine to inosinic acid requires a 
phosphorylation step, attempts were made to replace the cofactor in boiled 
juice with a phosphorylating agent such as ATP. These data (Table IT) 
show that ATP is capable of stimulating the reaction in the absence of 
boiled juice. Of the concentrations of ATP tested, 3.8 um stimulated the 
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reaction optimally and nearly as well as did the boiled juice itself. How. 
ever, the addition of ATP and boiled juice to the ethanol precipitate stimu- 
lated the reaction more than either substance alone. This may indicate 
the presence of a second cofactor for the reaction. Further study of the 
cofactors of this reaction are under way, but, since adequate activity was 
obtained with ATP alone, subsequent experiments were carried out with 
this cofactor but without the addition of boiled juice. 

With the components of the incubation mixture thus defined as radio- 
active hypoxanthine, ribose-5-phosphate, ATP, and pigeon liver enzymes, 
further attempts were made at fractionation of the enzyme system con- 
cerned. It was found that the enzyme system could be divided into two 


TaBLe II 


Effect of Boiled Juice and ATP on Enzymatic Activity of 44 Per Cent Ethanol Fraction 
of Pigeon Liver Extract 





reer ae | Total radioactivity incorporated 
Boiled juice ATP | into inosinic aci 





ml. uM | c.p.m. 


98 
338 
9 197 
8 288 
6 216 
8 482 











Each vessel contained labeled hypoxanthine, 3 um (specific activity 1000 ¢.p.m. 
per uM); ribose-5-phosphate, 4 um; 0.05 ml. of 45 per cent ethanol precipitate of 
pigeon liver; and the additions noted above in a total volume of 1.4 ml. 


fractions, the first precipitating between 0 and 15 per cent ethanol concen- 
‘tration at low temperatures (Fraction I), and the second precipitating be- 
tween 20 and 45 per cent ethanol concentration (Fraction II). The tech- 
nical details of this fractionation are given under “Experimental.” Data 
in Table III show the results obtained from incubation of these fractions 
with substrates and cofactors. When both fractions were incubated to- 
gether, the resulting incorporation of radioactive hypoxanthine into inosinic 
acid was approximately 3 times as great as the sum of the incorporation 
when each fraction was incubated separately. This indicates that there 
are at least two enzymes in pigeon liver extract which are responsible for 
this reaction, and that they have been effectively separated by the frac- 
tionation procedure. 

Effect of Nucleoside Phosphorylase—Because of the possibility that nu- 
cleoside phosphorylase might be involved in one step in the synthesis of 
nucleotides from purine bases, Fractions I and II were assayed for nucleo- 
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sidase activity by the spectrophotometric method of Kalckar (19). It was 
found that the greater part of nucleosidase activity resided in Fraction II. 
Experiments were then carried out to determine whether Fraction II could 
be replaced by rat liver nucleoside phosphorylase in the enzyme system. 
The data in Table IV show that the rat liver nucleoside phosphorylase 


TaBLeE III 


Activity of Ethanol Fractions of Pigeon Liver Extract in Conversion of Hypoxanthine 
into Inosinic Acid © 





Enzyme fraction present Total a 
a a , c.p.m. 
Fraction I (0-15% ethanol ppt.)..................0000- | 98 
as II (20-45% “ Wad truce ea 56 
2 B= OB EaOt One Nes eiinceda ean esas tavaieoees 453 





Each vessel contained labeled hypoxanthine, 3 um (specific activity 1000 ¢.p.m. 


per uM); ribose-5-phosphate, 4 um; ATP, 2 um; and 0.25 ml. of pigeon liver enzyme 
ina total volume of 1.45 ml. 


TaBLe IV 


Replacement of Fraction II of Pigeon Liver Extract with Nucleoside Phosphorylase 
Fraction of Rat Liver — 


Total radioactivity incorporated into inosinic 
acid during incubation with 





Nucleoside 
Fraction I Fraction u a phosphorylase 





Enzyme added | 
| 
| 
| 


| fraction 

| C.p.m. | C.p.m. C.p.m. C.p.m. 
RE ego ien ee See ye 105 46 282 3 
Nucleoside phosphorylase fraction....| 347 | 52 | 486 








Each vessel ewnteined labeled hypoxanthine, 3 um (specific activity 1000 c.p.m. 
per uM); ribose-5-phosphate, 4 um; ATP, 2 um; 0.25 ml. of pigeon liver enzymes or 
0.1 ml. of crude nucleoside phoaphory lake from rat liver, when indicated, in a total 
volume of 1.45 ml. 


fraction stimulates the conversion of hypoxanthine to inosinic acid when 
incubated with Fraction I or combined Fractions I and II, but has no 
eflect when incubated by itself or with Fraction II. Thus, nucleoside 
phosphorylase fraction is capable of substituting for Fraction II in this 
reaction. At the conclusion of this work it was not known whether the 
stimulation of nucleotide synthesis was due to nucleoside phosphorylase 
itself or to an impurity in this fraction. Preliminary experiments in col- 
laboration with Dr. Edward D. Korn, to be reported later, have been 
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carried out to determine the nature of the enzyme in Fraction II or in 
Kalckar’s crude nucleoside phosphorylase fraction which is responsible for 
the stimulation of inosinic acid synthesis. Phosphoribomutase isolated jn 
purified form from rabbit muscle (20) was without effect on the synthesis 
of inosinic acid, and highly purified nucleoside phosphorylase from beef 
liver had a decidedly inhibitory effect. The active protein, which is ap- 
parently neither of these two enzymes, is present in acetone powders of 
beef liver and is stable when stored in this form in a cooled desiccator. 
Comparison of Radioactive Inosine and Hypoxanthine As Precursors of 
Inosinic Acid—In an attempt to determine the pathway of the conversion 








TABLE V 
Comparison of Radioactive Inosine and Hypozxanthine As Substrates in Inosinic Acid 
Synthesis 
Total radioactivity incorporated into 
inosinic acid during incubation with 
Radioactive substrate | Non-radioactive additions oy © (ada T= Fa 
| Nucleoside Fraction I + 
Fraction I! phosphoryl- nucleoside 
| | ase fraction | phosphorylase 
C.p.m. | c.p.m. C.p.m. ; 
Inosine Hypoxanthine, ATP 15 | 29 132 
Hypoxanthine Inosine, ATP x 23 233 
TInosine Ribose-5-phosphate, ATP | 40 | + 452 
Hypoxanthine ¢ . | 46 | 1 445 





Each vessel contained components as indicated above. The following concen- 
trations were used: inosine, 4 um; hypoxanthine, 3 um; ribose-5-phosphate, 4 um; 
ATP, 2 um; Fraction I, 0.25 ml.; and nucleoside phosphorylase, 0.75 ml. Total 
volume 1.48 ml. 


of hypoxanthine to inosinic acid, radioactive inosine and radioactive hy- 
poxanthine were compared as precursors of inosinic acid in the enzyme 
system consisting of pigeon liver Fraction I and rat liver nucleoside phos- 
phorylase fraction. The data in Table V show that with Fraction I or 
with nucleoside phosphorylase fraction alone neither radioactive inosine 
nor radioactive hypoxanthine is converted to inosinic acid in significant 
quantities, indicating that there is no single enzyme present in the system 
capable of catalyzing the phosphorylation of inosine to inosinic acid. With 
the complete enzyme system, radioactive hypoxanthine in the presence of 
unlabeled inosine is converted to inosinic acid to about twice the extent 
that radioactive inosine is converted to inosinic acid in the presence of 
unlabeled hypoxanthine. Thus radioactive hypoxanthine is more readily 
converted to inosinic acid than is inosine, indicating that hypoxanthine is a 
more immediate precursor of inosinic acid in this system. Radioactive 





con 


sion 


Acid 


nto 
ith 


ylase 


neen- 
t uM; 
Total 


» hy- 
yyme 
yhos- 
I or 
osine 
icant 
stem 
With 
ce of 
xtent 
ce of 
adily 
eisa 
ctive 





W. J. WILLIAMS AND J. M. BUCHANAN 591 


inosine and radioactive hypoxanthine are converted to inosinic acid to the 
same extent in the presence of ribose-5-phosphate and ATP. This varia- 
tion from the preceding result may be explained by the formation of free 
hypoxanthine from inosine by the action of nucleoside phosphorylase and 
the subsequent conversion of this hypoxanthine to inosinic acid. The 
lower radioactivity of the inosinic acid in the first two vessels is due to the 
dilution of radioactive precursor by the addition of unlabeled hypoxanthine 
or inosine. These data indicate that inosine is not an intermediate in the 
conversion of hypoxanthine to inosinic acid, but that hypoxanthine reacts 
directly with some ribose phosphate derivative to give inosinic acid. 


DISCUSSION 


The stimulatory effect of ribose-5-phosphate and the various nucleosides 
on the conversion of hypoxanthine to inosinic acid is similar to the stimula- 
tion of these materials on the incorporation of radioactive formate into 
inosinic acid, as noted by Greenberg (2). It is possible, therefore, that the 
effect of these substances on the stimulation of formate incorporation in 
Greenberg’s experiments is due to an increased ribotide synthesis and that 
the same enzyme system is involved in the synthesis of inosinic acid de novo 
and in ribotide formation from hypoxanthine. 

The nature of the ribose phosphate compound which reacts with hypo- 
xanthine to give inosinic acid is unknown at the present time. Ribose-1- 
phosphate, ribose-5-phosphate, and ribose-1 ,5-diphosphate (21) are at pres- 
ent being prepared for comparison in the above enzymatic system after 
purification of the enzymes involved. 

Neither is the réle of the crude nucleoside phosphorylase fraction clear 
at present. As stated previously, preliminary experiments with purified 
nucleoside phosphorylase have shown that this particular enzyme is not 
responsible for the stimulatory action observed with the crude rat liver 
nucleoside phosphorylase of Kalckar (10) and in fact depresses the reaction. 
The stimulatory effect of crude preparations of nucleoside phosphorylase is 
thus apparently due to some other enzymatic component. The inhibitory 
effect of purified nucleoside phosphorylase on the inosinic acid-forming 
system may be considered as further evidence that inosine is not involved 
as an intermediate in the synthesis of inosinic acid from the free base. 

The existence of Kalckar’s nucleoside phosphorylase enzyme and the 
nucleoside kinase enzyme (4-6) has led to the conclusion a priori that these 
enzymes may be involved in the synthesis of nucleotides from purine bases. 
This thesis has received some support from tracer experiments in which a 
comparison has been made of the specific activities of inosinic acid and 
inosine which were formed from radioactive hypoxanthine in the presence 
of pigeon liver homogenates (2). Since inosine had a higher specific ac- 
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tivity than inosinic acid, it was concluded that the former was an inter. 
mediate in the synthesis of the latter. This conclusion is not necessarily 
true, since both compounds could have been synthesized by independent 
mechanisms from hypoxanthine and the rate of synthesis of inosine could 
be the more rapid of the two. For these reasons the data of Greenberg 
(2) do not provide proof for either mechanism of reaction and are not, 
therefore, at variance with the conclusion of this paper that inosinic acid is 
formed by the direct condensation of hypoxanthine with a phosphorylated 
ribose compound. The results of the experiments reported in this paper, 
likewise, do not preclude the existence and operation of an inosine kinase 
system in our preparations to a minor though significant extent. 


The authors wish to thank Miss Haline Wasilejko for valuable technical 
assistance. 


SUMMARY 


1. The conversion of hypoxanthine to inosinic acid by pigeon liver ex- 
tract is mediated by at least two enzymes which may be effectively sepa- 
rated by ethanol fractionation at low temperatures. The first fraction pre- 
cipitates between 0 and 15 per cent ethanol (Fraction I) and the second 
between 20 and 45 per cent ethanol (Fraction IT). 

2. ATP and ribose-5-phosphate or ribose compounds capable of yielding 
ribose phosphate esters are essential for the reaction. 

3. The nucleoside phosphorylase fraction of rat liver described by Kal- 
ckar is capable of substituting for pigeon liver Fraction II in the reaction. 
It is believed, however, that the activity of this fraction is not due to 
nucleoside phosphorylase itself. 

4. Inosine is not an intermediate in the conversion of hypoxanthine to 
‘inosinic acid, but rather hypoxanthine reacts with some ribose phosphate 
derivative to give inosinic acid directly. 
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BIOSYNTHESIS OF DICARBOXYLIC ACIDS BY CARBON 
DIOXIDE FIXATION 


VII. EQUILIBRIUM OF “MALIC” ENZYME REACTION* 


By ISAAC HARARY,f SAUL R. KOREY,{ anp SEVERO OCHOA 


(From the Department of Pharmacology, New York University College of Medicine, 
New York, New York) 
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The TPN-specific ‘‘malic” enzyme of pigeon liver (1) and plant tissues 
(2) catalyzes Reaction 1.!_ Progress of Reaction 1 in either direction can be 


(Mn**) 





(1) Pyruvate + CO. + TPNH L-malate™ + TPNt+ 








followed spectrophotometrically. The spectrophotometric method could 
not be applied to the determination of the equilibrium constant of Reaction 
1 owing to interference by lactic dehydrogenase which contaminated the 
best preparations of the pigeon liver enzyme available (1). However, 
through coupling with the isocitric dehydrogenase system (Reaction 2), 
Reaction 3 was obtained (3). The equilibrium of this system favored the 


(Mn++ 


n 
(2) «@-Ketoglutarate™ + CO. + TPNH ——— a d-isocitrate™ + TPNt 
(TPN+, Mn++, CO:) . 

(3) Pyruvate + d-isocitrate* ——— —_—_—_—" t-malate™ + a-ketoglutarate™ 
formation of malate from pyruvate and CO, rather than that of isocitrate 
from a-ketoglutarate and COs, the ratio of malate to isocitrate being about 
15. The equilibrium constant of Reaction 2 is 1.3 (liters X mole) (4, 
5) Thus, the equilibrium constant of Reaction 1 would be about 19. 











* Aided by grants from the United States Public Health Service, the American 
Cancer Society (recommended by the Committee on Growth of the National Re- 
search Council), the Williams-Waterman Fund of the Research Corporation, and by 
acontract (N6onr279, T. O. 6) between the Office of Naval Research and New York 
University College of Medicine. Part of the material in this paper was taken from 
a thesis submitted by I. Harary to the Graduate School of Arts and Science of New 
York University in partial fulfilment of the requirements for the degree of Doctor 
of Philosophy, June, 1952. 

+ Present address, Department of Biochemistry, University of Chicago, Chicago. 

t Fellow of the Rockefeller Foundation. Present address, Department of Medi- 
cine, School of Medicine, Western Reserve University, Cleveland, Ohio. 

1 The following abbreviations are used: DPN+ and DPNH, oxidized and reduced 
diphosphopyridine nucleotide; TPN*+ and TPNH, oxidized and reduced triphospho- 
pyridine nucleotide; ATP, adenosinetriphosphate; OAA, oxalacetic acid. 

? The value 1.3 X 107-4 given in a previous publication (4) was due to an error. 
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Kraemer et al. (6) have isolated and partially purified a TPN-specific 
“malic”? enzyme from wheat germ. This enzyme is free of lactic dehy. 
drogenase.’ The enzyme has been further purified and utilized for the 
determination of the equilibrium constant of Reaction 1. Thermodynami- 
cally, Reaction 1 can be considered the result of the reactions catalyzed by 
oxalacetic carboxylase (Reaction 4) and malic dehydrogenase (Reaction 
5). Since the equilibrium constant of Reaction 5 has been recently deter. 

(Mn++) 
(4) Pyruvate~ + CO, ——————— oxalacetate + H* 
(5) Oxalacetate + DPNH + H+ = t-malate= + DPN*+ 


mined (7), it has been possible to calculate the equilibrium constant of 
Reaction 4. Some properties of the wheat germ “malic’’ enzyme haye 
also been studied. 


Isolation of Wheat Germ Enzyme 


“Malic” enzyme activity was assayed as in previous work (8). 1 unit 
was taken as the amount of enzyme causing an increase in optical density 
of 0.01 per minute. Assay of oxalacetic carboxylase activity was based on 
the rate of decarboxylation of OAA in the presence of an enzyme, man- 
ganous ions, and an excess of substrate (8). The samples contained 0.02 
mM OAA, 0.0015 m MnCl. 0.13 mM acetate buffer, pH 5.2, and water toa 
volume of 1.5 ml.; gas, air; temperature, 25°. The reaction at pH 5.2 is 
optimal for decarboxylation of OAA by the wheat germ enzyme. 1 unit 
was taken as the amount of enzyme which causes an evolution of 1.0 c.mm. 
of CO, in 10 minutes. 

The protein content of enzyme fractions was determined spectrophoto- 
metrically as in previous work (1). The specific activity of an enzyme 
preparation is expressed in units per mg. of protein. 

Acetone Powder—250 gm. of raw wheat germ were suspended in 2 to 3 
volumes of acetone, cooled to —8°, and blended for 1 minute in a chilled 
Waring blendor. The suspension was then poured into sufficient acetone 
at —8° to make a total of 10 volumes of acetone. The mixture was stirred 
and then filtered by suction in the cold room. The residue was blended 
in the same manner and spread on filter paper to dry at room temperature. 

Step 1. Extraction—200 gm. of acetone powder were extracted for 30 
minutes with 2 liters of demineralized water at 25° with mechanical stirring. 
The residue was removed by centrifugation at room temperature and dis- 
carded. 1500 to 1600 ml. of a yellow turbid supernatant fluid were ob- 
tained. Protein concentration, 16 to 20 mg. per ml.; specific activity 1.0 
to 1.4. 

Step 2. Adsorption and Elution from Calcium Phosphate Gel—After being 


3B. Vennesland, personal communication. 
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cooled to 0°, the supernatant fluid was brought to pH 5.1 with 1.0 Mm acetic 
acid and allowed to stand for 3 to 4 hours at 0°. The suspension was cen- 
trifuged in the cold, the precipitate was discarded, and 600 ml. of fresh 
calcium phosphate gel were added to the supernatant fluid with continuous 
stirring. After further stirring for 1 hour, the mixture was allowed to 
settle overnight in the cold. Much of the supernatant fluid could then be 
siphoned and the remainder centrifuged at 0°. The supernatant fluid was 
tested for complete adsorption of enzyme and discarded. The gel was 
washed with 600 ml. of ice-cold demineralized water and then eluted with 
600 ml. of 0.1 m phosphate buffer, pH 7.4; 630 ml. of a clear yellow solution 
containing 5 mg. of protein per ml., specific activity 8.0, were obtained. 

Step 3. Ammonium Sulfate Fractionation—The eluate was brought to pH 
6.3 with 1.0 m acetic acid and 185 gm. of ammonium sulfate were added 
(42 per cent saturation). After centrifugation, 62 gm. of ammonium sul- 
fate were added to the supernatant fluid to bring the concentration to 56 
per cent saturation. The precipitate obtained between 42 to 56 per cent 
saturation was dissolved in a small volume of 0.01 m phosphate buffer, 
pH 7.4, and dialyzed overnight at 1-3° against the same buffer; 23 ml. of 
a solution with 16 mg. of protein per ml., specific activity 50, were obtained. 

Step 4. Ethanol Fractionation—After dialysis, the protein concentration 
was adjusted to 10 mg. per ml. with 0.01 m phosphate buffer, pH 7.4, at 
0° and the pH was adjusted to 5.1 with 1.0 M acetic acid. To this solution 
was added absolute ethanol (cooled to —30°) with mechanical stirring. 
The alcohol concentration was brought to 12 per cent by volume and the 
temperature to —3.5°. The mixture was then centrifuged at —3.5° and 
the precipitate dissolved in 0.02 m phosphate buffer, pH 7.4. The clear, 
slightly yellowish solution (11 ml.) contained 9.6 mg. of protein per ml.; 
specific activity 100. 

Step 5. Removal of Inactive Protein with Calcium Phosphate Gel—The 
yield of enzyme from Step 4 amounted to 10,500 units. This amount 
dropped to 7700 units after the solution remained frozen at — 15° overnight. 
The specific activity dropped from 100 to 74. To 11 ml. of the solution 
(containing 700 units per ml.) 2 ml. of fresh calcium phosphate gel were 
added. The gel was centrifuged and discarded. The supernatant fluid 
contained 600 units per ml.; specific activity 98. After addition of a fur- 
ther 2 ml. of the gel, the supernatant fluid had 520 units per ml.; specific 
activity 135. To this were added 1.8 ml. of gel, resulting after centrifu- 
gation in 14 ml. of a colorless solution containing 2.1 mg. of protein per 
ml.; specific activity 230. 

Step 6. Second Ammonium Sulfate Fractionation—To the above solution 
were added 0.3 ml. of 0.05 m MnCl, 0.6 ml. of 0.5 m malate, and 2 ml. of 
0.1 Mm cysteine. The pH was adjusted to 6.5. The solution was frac- 
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tionated with ammonium sulfate between 48 and 70 per cent saturation, 
The precipitate was dissolved in 0.02 m phosphate buffer, pH 7.4, and 82 
ml. of a solution, containing 1.41 mg. of protein per ml., were obtained; 
specific activity 332. The purification is summarized in Table I. | 

The preparation described was carried out with minimal delay between 
the successive steps. The enzyme is unstable and interruption of its puri- 
fication results in loss of activity. Step 6 was found to be the least reliable 
in reproducibility. The highest specific activity of the wheat germ prep- 
aration was about one-half that of the pigeon liver “malic” enzyme (8), 
The instability of the partially purified enzyme made it impractical to 
attempt further purification. 


TaBLeE I 
Purification of Wheat Germ ‘‘Malic’”’ Enzyme 
200 gm. of acetone powder. 











Step No. | Volume | Units | Protein prone | Yield 
| ml, | | mg. | a ies per cent 
1. Aqueous extract.................... | 1530 | 30,000 25,500 1.2; 100 
2. Elution from calcium phosphate gel., 630 | 25,200 3,160 | 8.0 83 
3. 1st ammonium sulfate fractionation. 23 18,400 368 | 50 60 
4. Ethanol fractionation............... Sie 10,500 104 | 100 34 
5. Calcium phosphate gel supernatant. 14 | 6,700, 29.4 230 22 
6 


. 2nd ammonium sulfate fractionation. 8.4, 4,200' 17.9 332 14 








Properties of Wheat Germ Enzyme—The ratio of oxalacetic carboxylase to 
“malic” enzyme activity of the pigeon liver enzyme is about 1.2 at all 
Stages of purification (1, 8). The same is true of the “malic” enzyme of 
Lactobacillus arabinosus (9). Data for the wheat germ enzyme are given 
in Table II. It may be seen that the ratio of the two activities is 11.3 in 
the acetone powder extract and that it falls to 1.2 in a 200-fold purified 
preparation. The difference between the ratios in the crude and partially 
purified preparations cannot be ascribed to non-enzymatic activities, since 
both boiling and ashing destroy the ability of the crude enzyme solutions to 
catalyze the decarboxylation of OAA. The ratio of 1.2 suggests that the 
“malic” enzyme from wheat germ is similar to that from other sources. 
It appears, however, that wheat germ extracts contain an oxalacetic car- 
boxylase in excess of, and separable from, the oxalacetic carboxylase activ- 
ity which is associated with the “malic” enzyme. 

With the partially purified enzyme, the optimal pH for “‘malic’’ enzyme 
activity was found to be 7.3 and for decarboxylation of OAA 5.2. The 
latter value is higher than that obtained with “malic” enzyme purified 
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from pigeon liver in which the optimum observed was pH 4.5 (8). The pH 
optimum of OAA decarboxylation by crude extracts was also 5.2. The 
half saturation concentrations (in moles per liter) for ‘malic’? enzyme 
activity were MnCl, 2.5 X 10-5, t-malate 7 X 10-4, and for OAA decar- 
boxylation, MnCl, 1 X 10-*, OAA 6.5 X 10°. These values were obtained 
with purified enzyme. 

It has been previously shown that the ‘malic’? enzyme purified from 
pigeon liver (10) and L. arabinosus (9) will not catalyze the fixation of CO» 
in the 8-carboxyl of OAA either in the presence or absence of ATP. On 
the other hand, pigeon liver extracts will catalyze this fixation in the pres- 
ence of ATP (11, 12). Like pigeon liver extracts, wheat germ extracts 
incorporate CO, in OAA provided ATP is present. However, like the 


TaBLeE II 


Comparison of ‘‘Malic’’ Enzyme and Ozalacetic Carborylase Activity of Wheat Germ 
during Purification 














Soren mag. pruen | Ration 
Step No. — ————]__ carboxylase 

“Malic” | OAA car- /“malic” enzyme 
enzyme | boxylase 

WMUERUBAOU Soc Note cny een tac cae a ree 1.2 13.5 11.3 

Pe BUpernia tants, DER Ol) <c.7) cuccnc des uieomeanees 3.0 | 26.5 8.8 

2. Calcium phosphate gel eluate.................. 7.5 54.8 7.3 

' . “* supernatant............  120* =| «216 1.8 

6. 2nd ammonium sulfate fractionation........... 230* | 280 1:2 





* Enzyme had lost activity on keeping at —18°. 


pigeon liver “malic”? enzyme, the partially purified wheat germ “malic” 
enzyme, exhibiting a ratio of oxalacetic carboxylase to ‘malic’? enzyme 
activity of 1.2, fails to incorporate CO, in OAA whether in the presence or 
absence of ATP. Since purification of the wheat germ enzyme appears to 
remove an oxalacetic carboxylase not associated with the “malic”? enzyme, 
it would seem that the ATP-dependent fixation of CO» in OAA is brought 
about by the “carboxylase” which is removed on purification. 
Equilibrium Measurements—Determination of the equilibrium constant 
of Reaction 1 has become possible with the use of purified TPN-specific 
“malic” enzyme of wheat germ. The absence of interfering lactic dehy- 
drogenase in preparations of wheat germ “malic” enzyme has already been 
noted. However, wheat germ extracts contain TPNH oxidase, as well as 
TPN-destroying enzymes (2), which also interfere with the spectrophoto- 
metric measurements. The best preparations of the wheat germ “malic” 
enzyme are essentially free of interfering enzymes and under the conditions 
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of the equilibrium determinations, which are conducted anaerobically, 
there is no oxidation of TPNH. 

The measurements were carried out in the manner previously described 
by Ochoa (4) for the isocitric dehydrogenase system. To the absorption 
cells were added malate, pyruvate, 0.25 m NaHCO; (equilibrated with the 
desired mixture of nitrogen and CO, to give a pH of 7.4), MnCl., TPN 
(left out of the blank), and water to make a volume of 2.95 ml. The solu- 
tions were equilibrated with mixtures of nitrogen and CO, bubbled through 


Tase III 
Equilibrium Constant of Reaction CO2 + Pyruvate~- + TPNH = u-Malate> + TPNt+ 
0.05 ml. (8 units) of wheat germ ‘‘malic’’ enzyme of specific activity 250, 3 um of 
MnCl, and varying amounts of 0.25 m NaHCOs;, made up to a final volume of 3,0 
ml. Other additions as indicated. Gas, Ne with various concentrations of COs, 
Temperature, 22-25°; pH of reaction mixtures at end of experiment 7.3 to 7.5, 
Quartz cells, d = 1.0 cm. 





Initial concentration of reactants, Concentration of reactants at 








ton of CO pees a — = l. X 103 — moles per l. X 103 ‘ 

mixture TPN* |1-Malate Pyru- |(HsCOs) TPNH | TPN* |t-Malate 

ek): oe | ac 
5 25 | 0.0530 | 0.657 | 32.6 | 1.8 0.0195 | 0.0335 | 0.637 | 18.6 
5 25 | 0.0530 | 0.657 | 16.3 | 1.8 | 0.0299 | 0.0231 | 0.627 16.5 
5 25. | 0.0530 | 0.986 | 16.3 | 1.8 | 0.0343 | 0.0187 | 0.952 | 17.7 
5 25 | 0.0530 | 0.328 | 16.3 | 1.8 | 0.0173 | 0.0357 | 0.311 21.9 
5 25 | 0.0530 | 0.657 | 48.9 | 1.8 | 0.0143 | 0.0387 | 0.643 19.8 
5 25 | 0.1060 | 0.657 | 32.6 | 1.8 | 0.0371 | 0.0689 | 0.620 19.6 
10 50 0.0530 | 0.657 | 16.3 | 3.6 | 0.0178 | 0.0352 | 0.639 21.5 
20 100 | 0.0580 | 1.32 16.3 | 7.2 | 0.0170 | 0.0360 | 1.303 23.5 
2.5 12.5 0.0530 | 0.657 | 16.3 | 0.9 | 0.0374 | 0.0156 | 0.620 17.6 

a = = u _— = 








WANA Rich tensa te errs Shee Oe hes Se a UES ae oa en eee oe as 19.6 


the reaction mixture in a fine stream for 3 minutes. After a reading of the 
optical density at zero time and wave-length 340 my had been taken, 0.05 
ml. of the enzyme (150 units per ml.; specific activity 250) was added to 
both cells, the contents were mixed, and the N2-COz gas mixture was passed 
for 0.5 minute. Readings were then taken until the optical density re- 
mained constant, indicating attainment of equilibrium. With the amount 
of enzyme used, this occurred within 15 to 20 minutes. If the initial con- 
centrations of reactants are known, their concentrations at equilibrium can 
be determined from the ratio TPN+: TPNH. 

The concentrations of t-malic acid, pyruvic acid, and TPN in the solu- 
tions used for these experiments were determined enzymatically, as out- 
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lined under ‘‘Methods.”’ Since the concentrations of pyruvate and CO2 
were large relative to those of TPN and t-malate, their variation in a given 
experiment was neglected; accordingly they were assumed to be constant 
in the calculation of the individual equilibrium constants. The values 
used for the CO, concentration at pH 7.4 were obtained as described by 
Ochoa (4). These values, expressed in Table III as (H2CO3), give the 
total concentration in solution of free CO2 as well as of undissociated 
H,CO;. Since the equilibrium of Reaction 1 is probably dependent on the 
concentration of free CO: in solution, the values thus obtained for the 
equilibrium constant must be considered to contain the hydration equilib- 
rium constant of CO. The work of Krebs and Roughton (13), demon- 
strating that COs, and not HCOs;, is the primary product of decarboxyla- 
tion of pyruvic acid by yeast carboxylase, strengthens the assumption that 
CO, and not HCO; is the primary product of the oxidative decarboxyla- 
tion of malate. 

The results of a series of measurements, in which the concentrations of 
CO2, pyruvate, malate, and TPN were varied, are given in Table III. 
The average value of the equilibrium constant was 


oan (t-malate)(TPN*) 
r (pyruvate-)(CO.)(TPNH) 





= 19.6 (liters X mole™) 


at pH 7.4 and 22-25°. From the equilibrium equation one obtains 


K(pyruvate-)(CO2)(TPNH) 


-Malate™) = 
(1-Malate™) (TPN*) 





It can be calculated that, at pH 7.0 and 22°, in an atmosphere containing 
5 per cent CO, (concentration of (H2COs) in solution, 1.86 X 10-* mole per 
liter), for (TPNH) = (TPNt) the concentration of L-malate in equilibrium 
with 1.0 mole of pyruvate per liter would be 19.6 X 1.86 X 10-° = 3.5 X 
10° mole per liter, or about 3.5 per cent of the pyruvate concentration. 

Stern et al. (7) have recently measured the equilibrium constant of the 
reaction catalyzed by malic dehydrogenase (Reaction 5). The average 
value of the apparent equilibrium constant at pH 7.2 and 22° was 


ey (oxalacetate”)(DPNH) 
‘ (-malate™)(DPN*) 





= 2.33 X 10% 


Assuming that the value of the equilibrium constants would be independent 
of the pyridine nucleotide participating in the reaction, whether DPN or 
TPN, the apparent equilibrium constant for carboxylation of pyruvate (Re- 
action 4) would be K. = K X K, = ((oxalacetate)/(pyruvate)(CO2)) = 
19.6 X 2.33 K 10-5 = 4.6 X 10-4 (liters X mole) at pH 7.2 and 22°. 








602 DICARBOXYLIC ACIDS. VII 


DISCUSSION 


With the equilibrium data now available it is interesting to examine the 
possibility of obtaining reversible oxidative decarboxylation of malate with 
a mixture of malic dehydrogenase and oxalacetic carboxylase. Herbert 
(14) has recently reinvestigated this question with his highly active prepa- 
rations of oxalacetic carboxylase from Micrococcus lysodeikticus. He found 
that with large amounts of Straub’s malic dehydrogenase and bacterial 
carboxylase, and with high concentrations of L-malate (0.05 m), coupling 
occurred in the direction of oxidative decarboxylation of malate as evi- 
denced by reduction of DPN+. On the other hand, he was unable to 
obtain coupling in the reverse direction; 7.e., no measurable oxidation of 
DPNH could be observed in the presence of 0.1 m NaHCO; (saturated 
with 50 per cent CO.; pH 6.9) and 0.1 m pyruvate. 

From the above equilibrium constant (K»2) of the carboxylation reaction 
it can be calculated that, under Herbert’s conditions, the equilibrium con- 
centration of OAA ((OAA) = (pyruvate) X (CO2) X 4.6 & 10-*) would 
be approximately 0.1 X 1.86 X 10°? X 4.6 X 10-* = 0.85 X 107° mat 
pH 7.2 and 22°. This concentration of OAA might be too far below the 
OAA dissociation constant of malic dehydrogenase to bring about a meas- 
urable rate of DPNH oxidation. In the opposite direction, 0.05 m malate 
would give rise, assuming a ratio of DPN+: DPNH = 10, to an equilibrium 
concentration of OAA ((OAA) = (Lt-malate) X (DPN+/DPNH) xX 2.33 x 
10-5) of 0.05 X 10 X 2.33 X 10-5 = 1.2 X 10-° at pH 7.2 and 22°. 
This concentration of OAA would be well below the OAA dissociation 
constant of the bacterial carboxylase which is given by Herbert as 2 x 107 
M. However, although all of the malate produced by reductive carboxyla- 
tion of pyruvate remains in the reaction mixture, only a small fraction of 
the CO:2 produced by the reverse reaction remains in solution when the 
gas phase is air. This would tend to favor decarboxylation even though the 
equilibrium constant of the over-all system is slightly in favor of the oppo- 
site reaction. The fact that the “malic” enzyme can readily catalyze the 
reaction in both directions might be explained if, as previously discussed 
(1, 5, 8, 14), it consisted of a functional unit with ‘dehydrogenase’ and 
“carboxylase” active centers in close proximity. In this case OAA pro- 
duced as an intermediate might react further without leaving the enzyme 
surface. 

The free energy change of the reaction OAA= + H.O — pyruvate~ + 
HCO; was calculated by Evans et al. (15) from values for the free energy 
of formation. The calculated AF was —5250 calories at 38°. From our 
data, the equilibrium constant of the above reaction (K’, = ((OAA*) 
(H.0)/(pyruvate-) (HCO ;))) can be calculated to be K’, = 4.6 X 10% 
X 55.5/11.5 = 2.22 X 10-* at pH 7.2 and 22°. The free energy change of 
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the reaction can be calculated from the equation AF° = —RT In K°. 
According to the convention (16) which sets the standard of reference for 


| solutes as 1.0 Mm activity (in our case assumed equal to concentration) but 
| gets the standard of reference for water as liquid water at a concentration of 


55.5 M, K°. = K’,/55.5 and AF® at pH 7.2 and 22°; therefore, 1360 log 
(2.22 X 10 X 1/55.5) = —6000 calories. Thus, contrary to previous 
assumptions (14, 17), the free energy change of OAA decarboxylation cal- 
culated from equilibrium data is not much higher than that previously 
calculated from thermal data. 


Methods 


CO, fixation experiments were carried out as in pees work from 
this laboratory (9, 10). Solutions of reactants used in equilibrium meas- 
urements were standardized as follows: t-malate by decarboxylation with 
L. arabinosus ‘‘malic’”’ enzyme (3) and pyruvate by oxidation of DPNH in 
the presence of lactic dehydrogenase (1); TPN was assayed by reduction 
with glucose and purified glucose dehydrogenase from liver (18). The 
TPN, obtained from the Sigma Chemical Company, was 80 per cent pure. 
Oxalacetic acid was prepared according to the method of Krampitz and 
Werkman (19) and assayed by decarboxylation with aniline citrate (20). 
Crystalline potassium pyruvate (21) was supplied by Dr. S. Korkes. Cal- 
cium phosphate gel was prepared according to Keilin and Hartree (22). 


SUMMARY 


1. The partial purification of the triphosphopyridine nucleotide-specific 
“malic” enzyme of wheat germ and some of its properties are described. 

2. Wheat germ extracts exhibit oxalacetic carboxylase activity in excess 
of that possessed by the purified preparations of “malic” enzyme obtained 
from them. The extracts, but not the purified “malic” enzyme, incorpo- 
rate C4O, into the B-carboxyl group of oxalacetic acid provided adenosine- 
triphosphate is present. 

3. The equilibrium constant of the reaction catalyzed by the ‘‘malic” 
enzyme has been determined and that of oxalacetate decarboxylation has 
been calculated. The results are discussed with regard to the enzymatic 
mechanisms of the reversible oxidative decarboxylation of malic acid. 


We are indebted to Mr. Morton C. Schneider for technical help. 
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FURTHER STUDIES ON THE COFACTORS OF THE LIVER 
TYROSINE OXIDASE SYSTEM* 


By J. N. WILLIAMS, Jr., anp A. SREENIVASAN}{ 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, January 23, 1953) 


In a previous communication (1) it was reported that, in addition to 
ascorbic acid, glutathione appeared to be required as a cofactor for a step 
in tyrosine oxidation. It was also shown that the site of action of ascorbic 
acid probably was earlier in the sequence of reactions than that of gluta- 
thione. These results were obtained with a substance known to be able 
to oxidize both reduced ascorbic acid and glutathione as a tool. An anom- 
alous effect of this substance, 2 ,6-dichlorophenol indophenol (DCPP), was 
also observed, in that very low levels of the dye markedly stimulated the 
normal tyrosine oxidase system while much higher levels had to be em- 
ployed to demonstrate the destruction of ascorbic acid and glutathione 
and thus to produce inhibition of the system. Some possibilities were con- 
jectured to explain the stimulatory effect of the low DCPP concentration. 
The most likely among these appeared to be that the dye was able to sub- 
stitute for a cofactor already present in the system, but which was either 
labile or present in limiting concentrations. 

In the present paper these studies have been extended to explain more 
fully the stimulatory effect of low concentrations of DCPP on tyrosine 


oxidase as well as to clarify the functions of ascorbic acid and glutathione 
in the system. 


EXPERIMENTAL 


In all of these experiments, adult male rats of the Sprague-Dawley strain 
fed a complete stock ration were employed as experimental animals. The 
preparation of the tyrosine oxidase enzyme system from the livers of freshly 
killed rats has been described previously (1). Unless otherwise indicated, 
the enzyme was prepared fresh for each experiment. All the additions to 
the Warburg vessels except enzyme were brought to pH 7.4. 

Study of Stimulatory Effect of Low DCPP Concentrations—The possibility 
that DCPP at low concentrations is able to substitute for a labile cofactor, 

* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. 
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or one present in limiting amounts, was first investigated. In these ex- 
periments the normal tyrosine system (1), containing 1.0 ml. of a Krebs- 
Ringer-phosphate buffer of pH 7.4 (2), 0.2 ml. of 0.15 m a-ketoglutarate, 
0.2 ml. of 0.15 M L-tyrosine or water, and water to make 3.9 ml., was al- 
lowed to react for 1 hour. At the end of this period the oxidation of 
tyrosine had begun to fall off rapidly, indicating the possible destruction 
of a labile enzyme or cofactor. At that point 50 y of DCPP were added 
to the system and the effect on further oxidation was measured. For the 
sake of comparison two other control systems were included in these experi- 
ments, one in which 50 y of DCPP were added at the beginning of the 
experiment and the other in which the substrate was not added until after 
1 hour to estimate the rate of inactivation of the enzyme system at 37° in 
the absence of substrate. 

The results of these experiments are presented in Fig. 1. Here it can be 
seen that the normal control system rapidly decreased in activity after 1 
hour of tyrosine oxidation (Curve I). When 50 y of DCPP were added to 
a duplicate system after 1 hour of tyrosine oxidation, the decreased activity 
was immediately stimulated (Curve II). When DCPP was added at the 
beginning of the reaction (Curve III), the marked stimulation observed in 
previous experiments (1) was again demonstrated. From Curve IV, in 
which the tyrosine and a-ketoglutarate substrates were not added until 
after 1 hour, it can be seen that the enzyme system was very rapidly inac- 
tivated by incubation at 37°. From these results the following interpreta- 
tions can be made: (1) The enzyme system is very labile when incubated 
at 37°; (2) the addition of DCPP returns some but not all of the original 
activity, indicating that the loss in cofactors is only partially replaceable 
by DCPP. The latter result is substantiated by the fact that the ultimate 
difference in oxygen uptake between Curves II and I is considerably less 
than that between Curves III and I. That portion of the lost activity 
not returned by DCPP has also been studied and will be reported in a later 
section of this paper. Since the stimulation by DCPP after the 1 hour 
incubation might have been due to a chemical (non-enzymatic) oxidation 
of an accumulated intermediate, the following experiment was carried out. 
After the 1 hour incubation of the enzyme with substrate, the flasks were 
removed and heated at 100° for 10 minutes to inactivate the enzyme. 
After returning the flasks to the bath, 50 y of DCPP were added to the 
heated mixture from a side arm and oxidation was recorded. Since there 
was no further oxidation, it can be concluded that the effect of the DCPP 
occurs in conjunction with an enzyme. 

After about 2 hours, Curves IT and III also began to level off, indicating 
again that inactivation of the system was not completely reversible by 
DCPP; otherwise the oxygen uptake should not have leveled off until the 
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curve had reached 1340 ul. of Oo. The value of 1340 ul. of O» is the theo- 
retical oxygen uptake, assuming that 4 atoms of oxygen are necessary for 
the complete oxidation of 1 mole of L-tyrosine to acetoacetate and fumarate. 
To show that the leveling off in Curves II and III is due to a loss in ac- 
tivity other than by the enzymatic destruction of the added DCPP, 50 y 
more of DCPP were added to the flasks from which Curve III was ob- 
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Fig. 1. Effect of 2,6-dichlorophenol indophenol (DCPP) on liver tyrosine oxi- 
dase. Curve I, normal control; Curve II, effect of 50 y of DCPP added after 1 hour; 
Curve III, effect of 50 y of DCPP added at zero time; Curve IV, effect of incubating 
the enzyme without substrate for 1 hour. Substrate added after 1 hour. The re- 
sults of five experiments are averaged together. There was no overlapping of values. 

Fic. 2. Effect of ascorbic acid on liver tyrosine oxidase. Curve I, normal con- 
trol; Curve II, effect of 1000 y of ascorbic acid added after 1 hour; Curve III, effect 
of 1000 y of ascorbic acid added at zero time; Curve IV, effect of incubating the 
enzyme without substrate for 1 hour. Substrate added after 1 hour. The results 
of three experiments are averaged together. There was no overlapping of values 
except in one case between Curves I and II. 


tained. There was no further effect, either inhibitory or stimulatory, 
when this was done. 

Since ascorbic-acid is known to stimulate the tyrosine oxidase system 
(1, 3, 4), it was possible that the low level of DCPP might have been sub- 
stituting for ascorbic acid which was inactivated during incubation. In 
the next studies, experiments analogous to those presented in Fig. 1 were 
carried out in which 1000 y of ascorbic acid were substituted for DCPP. 
The results, which are presented in Fig. 2, indicate that ascorbic acid 
markedly stimulates the system, as observed before (1), when added at 








608 TYROSINE OXIDASE COFACTORS 


zero time. However, when it was added after 60 minutes, when the normal 
tyrosine oxidation began to level off, ascorbic acid was able to stimulate 
the system to some extent, but not nearly as much as 50 y of DCPP. This 
indicated that some endogenous ascorbic acid was lost during the incuba- 
tion, but that the functions of ascorbic acid and DCPP in the system are 
separate and distinct and that the DCPP probably substitutes for a co- 
factor other than ascorbic acid. 

In similar experiments with glutathione, it was shown that the functions 
of DCPP and glutathione are also distinct since glutathione, like ascorbic 
acid, was able to return very little activity to the system after the 1 hour 
incubation of enzyme with substrate. 

Effect of Delayed Additions of High Concentrations of DCPP—In these 
experiments a test was made to determine whether, once the oxidation of 
tyrosine had proceeded, a high level of DCPP would inhibit further oxi- 
dation. In earlier.experiments high concentrations of DCPP have been 
shown to inhibit the system totally when added at the beginning. There- 
fore, the normal system was allowed to oxidize tyrosine for 1 hour, and then 
550 y of DCPP were added and further oxidation was measured. The 
results of these experiments were almost identical with the corresponding 
curves in Fig. 1 (Curves I and II). In other words the high dye level no 
longer inhibited the system but stimulated it to the same extent as the 
delayed addition of the 50 y level of DCPP. It appears then that, once 
the enzymes of the system are saturated with the intermediates of the reac- 
tion, substrate protection occurs and even the high level of the dye stim- 
ulates the oxidation. 

Effect of Ascorbic Acid on Conversion of Homogentisic Acid to Acetoacetate 
and Fumarate—Because of the increased excretion of homogentisic acid 
and other hydroxyphenyl compounds (5-7) by scorbutic animals, it ap- 
‘pears that one site of ascorbic function in tyrosine oxidation might be in 
the conversion of homogentisic acid to acetoacetate and fumarate. Evi- 
dence presented in this and a preceding paper (1) indicates that ascorbic 
acid also functions early in the scheme of tyrosine oxidation. Therefore, 
it is possible that ascorbic acid functions in more than one step in the se- 
quence of reactions. There is also no reason to believe that ascorbic acid 
should function at only one step in tyrosine oxidation. To study the effect 
of the vitamin on the conversion of homogentisate to acetoacetate and 
fumarate, the following experiments were carried out. The enzyme sys- 
tem and other flask components were the same as in the preceding sections, 
except that 0.2 ml. of 0.15 m neutralized homogentisic acid was used as 
substrate and 0.2 ml. of water was substituted in place of a-ketoglutarate. 
In every case a control flask containing water in place of homogentisate 
was employed. The effects of 1000 y of ascorbic acid, incubated with the 





en 
of 


fo! 


ns —_— > &"* ODO CO 


rmal 
ilate 
This 
uba- 
1 are 
1 cO- 


Lions 
Irbic 
hour 


hese 
m. of 
Oxi- 
been 
1ere- 
then 
The 
ding 
1 no 
- the 
once 
eac- 
tim- 


etate 
acid 
_ ap- 
e In 
Evi- 
orbie 
fore, 
@ se- 
acid 
ffect 
and 
sys- 
ions, 
d as 
rate. 
isate 
1 the 





J. N. WILLIAMS, JR., AND A. SREENIVASAN 609 


enzyme for 10 minutes before the addition of substrate, on the conversion 
of the substrate to acetoacetate were studied. Since autoxidation of ho- 
mogentisate was so great as to give unreliable results in oxygen uptake, the 
formation of acetoacetate was used as the criterion for the oxidation of the 
substrate. The acetoacetate was estimated by the manometric method of 
Edson (8) after 1 hour of reaction. To rule out the possibility that ho- 
mogentisic acid oxidase is the site of stimulation by DCPP, the effect of 
50 y of DCPP on acetoacetate formation from homogentisate was also 
studied. The results of these experiments are reported in Table I. Here 
it can be seen that ascorbic acid markedly stimulates the production of 
acetoacetate from homogentisic acid. On the other hand, DCPP inhibits 
the reaction, indicating that the point of DCPP stimulation lies earlier in 
the sequence of tyrosine oxidation than on the oxidation of homogentisate. 
Since other hydroxyphenyl compounds as well as homogentisic acid are 


TaBLE I 
Effects of Ascorbic Acid and DCPP on Conversion of Homogentisic Acid to Acetoacetate 
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excreted by scorbutic animals (5-7), this is further evidence that ascorbic 
acid may function at more than one step in tyrosine oxidation. The results 
of these experiments and previously reported work (1) indicate that this is 
probably the case. 

Effects of Various Possible Cofactors on Tyrosine Oxidase of Aged Enzyme 
System—From Fig. 1, Curve IV, it can be seen that incubation of the 
enzyme at 37° for 1 hour in the absence of substrate causes a marked loss 
in tyrosine oxidase activity. As pointed out earlier, aging by incubation 
probably causes a loss in labile cofactors and possibly loss in activity from 
simple protein denaturation. In order to observe whether the possible 
cofactors, ascorbic acid, glutathione, DCPP, and an extract of boiled fresh 
enzyme, could return this activity lost during incubation, the following 
experiments were carried out. 0.5 ml. of the fresh enzyme was incubated 
in the Warburg vessels with 1.0 ml. of the Krebs-Ringer-phosphate buffer 
and 0.7 ml. of water for 1 hour. At the end of that time the effects of 
1000 y of ascorbic acid, 3120 y of glutathione, 50 y of DCPP, and 0.5 ml. 
of an extract of boiled fresh enzyme on the loss in activity were tested 
separately and in the various combinations reported in Table II. The 
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volumes of these substances added were adjusted so that, when 0.2 ml. of 
0.15 M L-tyrosine and 0.2 ml. of 0.15 m sodium a-ketoglutarate were added, 
the final volume in the flask was 3.9 ml. The substrates were also added 
after the 1 hour incubation. The extract of boiled fresh enzyme was pre- 
pared by heating a fresh enzyme preparation for 7 minutes at 100° and 
centrifuging at 25,000 X g for 30 minutes. From the results in Table II 
it can be seen that aging in the absence of substrate markedly reduces the 
tyrosine oxidase activity of the fresh enzyme. The addition individually 
of ascorbic acid, glutathione, 50 y of DCPP, or extract of boiled fresh en- 
zyme significantly stimulates activity of the aged enzyme. When the vari- 
ous combinations of cofactors were added to the system, as indicated in 














TaBLeE IT 
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‘Table II, in every case the effects were additive and closely approached 
the effects of the sum of the individual substances (Table II). Since very 
large excesses of both ascorbic acid and glutathione were added to the 
system, the stimulatory effects of the DCPP and the boiled enzyme ex- 
tract were probably at a different site of the reaction sequence of the sys- 
tem. Otherwise addition of DCPP or enzyme extract would have caused 
no further stimulation over that contributed by ascorbic acid and gluta- 
thione. This reasoning also holds true for the additive effects of ascorbic 
acid and glutathione, which is additional evidence (1) that these two factors 
stimulate different steps in tyrosine oxidation. 


DISCUSSION 


From the results of a previous communication (1) and the present paper, 
it appears that the tyrosine oxidase system requires at least two more ¢co- 








fac 
the 
sid 
lati 


Ox! 


iy 


al. of 
Ided, 
dded 
; pre- 
and 
le II 
S the 
ually 
h en- 
vari- 
ed in 


Hour 


im of 
vidual 
lues 


(71 
97 
259 


iched 
very 
0 the 
@ ex- 
> Sys- 
uused 
rluta- 
orbic 
ctors 


aper, 
re co- 








J. N. WILLIAMS, JR., AND A. SREENIVASAN 611 


factors than ascorbic acid. One, glutathione, appears to function later 
than the first site of activation by ascorbic acid. Also ascorbic acid, be- 
sides stimulating early in the series of reactions, appears to stimulate again 
later in the conversion of homogentisic acid to acetoacetate and fumarate. 
The stimulatory effect of DCPP must lie earlier than homogentisic acid 
oxidase since it inhibits that step, probably by destroying endogenous as- 
corbic acid under the conditions under which that step was studied. There 
is also evidence that a factor or factors in an extract of boiled fresh enzyme 
activate some step or steps other than those activated by ascorbic acid, 
glutathione, and DCPP, since, when it is added in addition to those sub- 
stances, further stimulation of a partially inactivated enzyme occurs. The 
possibility must not be overlooked, however, that the labile factor for 
which DCPP is substituting may be the same as the factor in the enzyme 
extract. Further studies are now in progress to observe whether the two 
effects can be differentiated. According to the evidence presented in this 
and a preceding report (1), the accompanying scheme might be employed 
to locate the sites of action of the various cofactors. 








pyridoxal ascorbic 
hosphate : 4 acid 
Tyrosine —e p-hydroxyphenylpyruvic acid ———————> 
O» 
transaminase i 
+ 
a-ketoglutarate 
lutathione 
glutathione, 
DCPP-substituting 
factor (or enzyme ascorbic 
extract factor)? ‘sninccmmameias sui acid 
40: ’ 0: 


fumaryl acetoacetate —> 


Fumarate + acetoacetate 


Experiments are now in progress to characterize the factor in the extract 
of boiled enzyme and to extend the studies presented in this paper. 


SUMMARY 


1. Evidence has been presented to indicate that ascorbic acid functions 
in two places in the tyrosine oxidase system, one early in the scheme and 
the other in the conversion of homogentisic acid to acetoacetate and fu- 
marate. 

2. In addition to ascorbic acid, glutathione and a labile factor for which 
a low concentration of 2,6-dichlorophenol indophenol can substitute ap- 
pear to be additional cofactors required by the system. 
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3. The probable sites of action of these cofactors in the oxidation of 
tyrosine have been indicated according to the evidence presented. 
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In recent communications from this laboratory (1, 2) it has been reported 
that ascorbic acid appears to activate the liver tyrosine oxidase system at 
two points, one early in the sequence of reactions and the other in the con- 
version of homogentisic acid to acetoacetate and fumarate. In addition, 
glutathione has been shown to activate at least one step in tyrosine oxida- 
tion, and the indications were that still another labile cofactor for which 
low concentrations of 2,6-dichlorophenol indophenol could substitute was 
involved in the system. An extract of boiled fresh enzyme was also shown 
to reactivate an aged enzyme preparation over and above the stimulation 
by excess ascorbic acid and glutathione. 

In the present paper we wish to report further studies on the réles of 
ascorbic acid, glutathione, the indophenol-substituting cofactor, and the 
enzyme extract factor in the reactivation of partially inactivated tyrosine 
oxidase preparations. In these studies the effects of aging and dialysis on 
the enzyme system and the restoration of activity by the various possible 
cofactors have been investigated. 

Several workers have indicated that folic acid may be involved as a co- 
factor in the tyrosine oxidase system (8, 4). However, Gabuzda (5) has 
observed that the Leuconostoc citrovorum factor has no effect on the excre- 
tion of tyrosyl derivatives by scorbutic patients. We have reinvestigated 
this problem in our system and the results are included in this paper. 


EXPERIMENTAL 


Comparison of Effects of Aging and Dialysis on Liver Tyrosine Oxidase— 
Normal, adult male rats of the Sprague-Dawley strain were used as experi- 
mental animals. The tyrosine oxidase enzyme preparations used in all of 
the studies reported in this paper were obtained as previously outlined (1). 
In brief, this consisted of making 16.7 per cent rat liver homogenates in 
0.25 M sucrose, centrifuging at 0° (25,000 X g) for 30 minutes, and using 
the supernatant fluid as the source of tyrosine oxidase. This system, in- 

* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. i 

t Postdoctorate Fellow of the Rockefeller Foundation. Permanent address, 
University Department of Chemical Technology, Bombay, India. 
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cluding the transaminase required for the first step in the sequence of reac- 
tions, was found to be located entirely in the supernatant fluid. 

The enzyme was divided into two portions. One portion was aged at 5° 
in a stoppered flask and the other portion was dialyzed against distilled 
water at 5° for various lengths of time, depending upon the experiment, 
The normal system to test the activity of enzyme was measured mano- 
metrically as follows. To the main compartment of Warburg vessels with 
double side arms were added 1.0 ml. of Krebs-Ringer-phosphate buffer of 
pH 7.4 (6), 0.7 ml. of water, and 0.5 ml. of the enzyme preparation. The 
substrate (0.2 ml. of 0.15 m L-tyrosine suspension and 0.2 ml. of 0.15 
sodium a-ketoglutarate) and 0.2 ml. of water were placed in one side arm. 
For the control flask, 0.2 ml. more of water was substituted in place of 
L-tyrosine. When the effect of other substances on the activity of the 
enzyme was studied, they were introduced into the second side arm. Wa- 
ter was added to the second side arm in all cases to bring the final volume 
in the flask, exclusive of 0.2 ml. of 10 per cent potassium hydroxide in the 
center well, to3.9 ml. After a 10 minute temperature equilibration period, 
the contents of the side arms were added to the main compartment and 
the oxygen uptake was recorded for 1 hour. All the solutions were brought 
to pH 7.4 before being added to the flasks. The results of a typical experi- 
ment of this type are shown in Fig. 1. Here it can be seen that both aging 
and dialysis markedly decrease activity of the system. At the end of 72 
hours, however, the activity of the dialyzed system is somewhat lower than 
that of the aged system. This difference is significant since, in every 
experiment continued over 24 hours, the aged enzyme activity was higher 
than that of the dialyzed enzyme. These results support previous experi- 
ments (2) in which it was found that incubation of the enzyme for 1 hour 
at 37° in the absence of substrate markedly decreased the activity. 

Tf the lability of the enzyme system during aging is due to destruction of 
labile cofactors, addition of these cofactors to the aged enzyme should 
return some of the lost activity. Similarly, if the decrease in activity of 
the dialyzed enzyme is due to removal of dialyzable cofactors, the activity 
should be returned if the correct cofactors are added to the dialyzed sys- 
tem, unless the loss in activity is due entirely to protein denaturation. 
Therefore, in the next experiments the effects of adding ascorbic acid and 
2 ,6-dichlorophenol indophenol (DCPP) to aged and dialyzed enzymes were 
studied. In these experiments 1000 y of ascorbic acid or 50 y of DCPP 
were added to the enzyme with the substrate and the resulting activity 
was measured. The enzyme preparation had been aged or dialyzed for 56 
hours. The results of these experiments, presented in Table I, indicate 
that both ascorbic acid and DCPP stimulate the aged preparation but that 
only ascorbic acid stimulates the dialyzed preparation. The stimulation 
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by ascorbic acid is considerably greater in the aged preparation than in the 
dialyzed preparation. This might be expected since dialysis would remove 
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Fic. 1. A comparison of the effects of aging and dialysis at 5° on tyrosine oxidase 
activity of rat enzyme preparations. 
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other cofactors required for the complete conversion of tyrosine to aceto- 
acetate and fumarate, while in the aged preparation at least small amounts 
of the cofactors besides ascorbic acid would probably still be present. 
Therefore, the addition of an excess of one of these cofactors, in this case 
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ascorbic acid, would allow the total reaction to proceed at a higher rate 
than in the dialyzed preparation. The lack of stimulation of the dialyzed 
preparation by DCPP is also to be expected since previous work has shown 
that stimulation by the dye occurred only if the dye was kept mainly in 
the reduced form (1), or if the substrate was in contact with the enzyme 
for some time before the dye was added (2). Since dialysis would remove 
reducing substances, normally present in the enzyme preparation, which 
could maintain the oxidized form of the dye at a low level, the DCPP would 
no longer stimulate the system. It should be pointed out that stimulation 
by DCPP might occur through its oxidized form and that the purpose of 
reducing it first is to maintain the oxidized form at a very low level. Un- 
doubtedly some oxidation of the reduced dye by air occurs even in the 
presence of excess reducing agents. 

Effects of Other Known Cofactors on Tyrosine Oxidase System—In the 
next experiments various substances known to be required by certain oxi- 
dative enzymes were studied for their effects on tyrosine oxidase. Diphos- 
phopyridine nucleotide (DPN) has been reported (7) to be required for the 
enzymatic conversion of phenylalanine to tyrosine. Flavin-adenine dinv- 
cleotide (FAD) is known to be the prosthetic group of certain soluble 
terminal oxidases of liver, e.g. xanthine oxidase and p-amino acid oxidase. 
Folic acid has been reported to stimulate tyrosine oxidation in vitro (3, 4). 

The effect of DPN was studied by adding 2 mg. of the coenzyme to 
tyrosine oxidase preparations partially inactivated by incubation for 1 hour 
at 37°. The results of these experiments indicated that the aged enzyme 
with added DPN gave the same activity as in its absence. Therefore, 
DPN is probably not a cofactor of the system. ’ 

It has been shown that quinine markedly inhibits the activity of FAD- 
activated enzymes (8, 9). Therefore, if FAD is one of the cofactors of the 
’ tyrosine oxidase system, the addition of quinine to a normal system should 
inhibit its activity. When 2240 y of quinine sulfate were added to the 
system containing fresh enzyme, no effect was obtained. 

Because of conflicting reports in the literature concerning a possible func- 
tion of folic acid in activating the tyrosine oxidase system (3-5), we have 
investigated the in vitro effect of folic acid and the L. citrovorwm factor 
(LCF) on the enzyme systems. Since LCF can be synthesized enzymati- 
cally from ascorbic acid and folic acid, the effect of a combination of as- 
corbic acid and folic acid was also studied. The levels of folic acid, as- 
corbic acid, and synthetic LCF (leucovorin) added to the normal system, 
with a fresh enzyme preparation, are presented with the results in Table 
II. Here it can be seen that folic acid appears to stimulate the oxidation 
of tyrosine. Whenever it was included, either with or without ascorbic 
acid, the stimulation due to folic acid was the same. LCF had no demon- 
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strable effect. In these experiments it was noted that the endogenous 
respiration of the control flask (without substrate) was almost completely 
inhibited by the added folic acid. This suggested the possibility that the 
apparent stimulation by folic acid could be explained by its inhibitory 
effect on endogenous respiration, which for some reason was inhibited to a 
greater extent in the flasks without tyrosine substrate than in the flasks 
containing the substrate. It is known that ordinary solutions of folic acid 
are decomposed by light to give a photolytic product of the vitamin, 6- 
formylpteridine (10-12). This product strongly inhibits liver xanthine 
oxidase, which is a soluble enzyme and, therefore, is present in the tyrosine 
oxidase preparations used in these experiments. If much of the endogen- 
ous respiration of the enzyme preparation is due to oxidation of endogenous 
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purine substrates via xanthine oxidase, folic acid would inhibit it because 
of the presence of 6-formylpteridine in the vitamin. Therefore, this point 
was checked by studying the effect of purified 6-formylpteridine on the 
tyrosine oxidase system. The results of these experiments, also presented 
in Table II, indicate that the same stimulation was given by 2 y of 6- 
formylpteridine as by 200 ¥ of folic acid. Therefore, it appears that the 
“stimulation” of tyrosine oxidase by folic acid is an artifact and can be 
explained on the basis of the inhibition of endogenous respiration rather 
than by a positive stimulation of the system. Why there should be more 
inhibition of endogenous respiration in the flasks without substrate than in 
those with tyrosine added is still open to question, however. 

Addition of Cofactors to Dialyzed Enzyme—Since dialysis may remove 
cofactors from the tyrosine oxidase system, a means was offered for study- 
ing the effects of various cofactors believed to be involved in the system. 
Thus the positive effects of ascorbic acid, glutathione, and unknown co- 
factors in an extract of boiled fresh enzyme could be studied. Since di- 
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alysis would remove pyridoxal phosphate, which is the coenzyme for the 
transamination of tyrosine, this coenzyme was included to make the list as 
complete as possible. To check the specificity of glutathione, the effect 
of cysteine was also studied. In these experiments a fresh enzyme prepa- 
ration was dialyzed against distilled water for 72 hours. The following 
substances were then tested for their activity in the system: ascorbic acid 
1000 y, glutathione 1560 y (equivalent to 500 y of ascorbic acid), cysteine 
hydrochloride 890 y (equivalent to 500 ¥ of ascorbic acid), pyridoxal phos- 
phate 10 y, and 0.5 ml. of an extract of fresh enzyme prepared by heating 
the fresh enzyme at 100° for 10 minutes and centrifuging at 25,000 X g for 
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‘30 minutes to remove coagulated protein. These substances were tested 
in various combinations, as shown in Table III. The results of these ex- 
periments show that ascorbic acid alone stimulated the system to some 
extent, while glutathione, pyridoxal phosphate, and the enzyme extract 
had no effect when added individually. However, a combination of ascor- 
bic acid and glutathione gave an increased stimulation over ascorbic acid 
alone which was further increased by pyridoxal phosphate. When cysteine 
was added with ascorbic acid, no effect except that of ascorbic acid was 
observed, indicating that the stimulation by glutathione is not due to a 
non-specific sulfhydryl effect. The combination of glutathione and pyri- 
doxal phosphate showed no activity over the dialyzed control. When 
ascorbic acid, glutathione, and the fresh enzyme extract were added, the 
maximal stimulation occurred which was not further increased by adding 
pyridoxal phosphate. It should be emphasized that the levels of ascorbic 
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acid and glutathione employed are in large excess in the system, so that 
effects of other substances added with them should be indicative of dis- 
tinctive effects of those substances. An interpretation of these results can 
be summarized as follows. If the first oxidative step in the series of reac- 
tions is activated by ascorbic acid, some stimulation of oxygen uptake by 
ascorbic acid alone would be expected, although the complete oxidative 
pathway to acetoacetate and fumarate would still not be opened. This 
supports previous conclusions (1, 2) that one of the sites of action of ascor- 
bic acid is an early step in tyrosine oxidation. If the activation by gluta- 
thione occurred at a step later than that activated by ascorbic acid, no 
effect of glutathione alone would be expected. Even a combination of 
glutathione and pyridoxal phosphate would not increase oxidation if no 
ascorbic acid were present to activate the first oxidative step. The results 
of Table III support these conclusions. The observation that the enzyme 
extract alone had no effect on the activity can probably be explained by 
the destruction of ascorbic acid and glutathione during the heat extraction 
of the enzyme. Reduced glutathione concentration was found by analysis 
to be very low in the heated extract. Since the heated enzyme extract in 
combination with excess ascorbic acid and glutathione, however, gave the 
maximal stimulation in these experiments, it appears to contain a third 
cofactor necessary for tyrosine oxidase activity. Undoubtedly the heated 
extract contains pyridoxal phosphate, but since pyridoxal phosphate with 
ascorbic acid and glutathione gave less activity than ascorbic acid, gluta- 
thione, and the heated extract, the extract appears to contain both pyri- 
doxal phosphate and a factor different from pyridoxal phosphate. This 
conclusion is supported also by the fact that the addition of pyridoxal 
phosphate to a combination of ascorbic acid, glutathione, and the heated 
extract gave no more stimulation than if pyridoxal phosphate were omitted. 

Similarity of Effects of Enzyme Extract Factor and DCPP—In these ex- 
periments a combination of ascorbic acid (1000 y), glutathione (3120 y), 
pyridoxal phosphate (10 +), and fresh enzyme extract (0.5 ml.) were added 
to a dialyzed enzyme (72 hours) and the reactivation compared with the 
effects of the same combination plus 50 y of DCPP. If the enzyme extract 
factor acted in a manner similar to DCPP, no further stimulation by 
DCPP would be observed over the complete combination of other factors. 
The results of these experiments after 30 minutes of tyrosine oxidation were 
as follows: (1) all the factors except DCPP, 33 ul. of O2; (2) all the factors 
including DCPP, 34 ul. of O2 After 1 hour, all the factors except DCPP 
gave 61 ul. of Os, and with DCPP 69 ul. of O2. These results again sup- 
port the conclusion that the enzyme extract factor is the same as the 
DCPP-substituting factor. The observation that, after 1 hour, an ef- 
fect of DCPP began to appear indicates that the enzyme extract factor 








620 TYROSINE OXIDASE SYSTEM 


is somewhat labile to incubation as reported previously (2) and that the 
dye can begin to take over its function as the natural factor becomes in- 
activated. 

Ionic Nature of Heated Enzyme Extract Factor—In these experiments, the 
heated enzyme extract was passed through an ion exchange column to see 
whether it possessed enough ionic nature to be removed. An enzyme ex- 
tract was made by heating a fresh enzyme preparation at 100° for 10 min- 
utes as before. A portion of the extract was passed through a 100 mg. 
Dowex 1 column and used in the following experiments. The flask com- 
ponents were the same as those listed previously. A fresh tyrosine oxidase 
preparation was dialyzed against distilled water at 5° for 56 hours and 
used as the source of enzyme. The effects of 0.5 ml. of fresh enzyme ex- 
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Effect of Passing Extract of Fresh Enzyme (EE) through Dowex 1 upon Its Ability to 
Stimulate Dialyzed Enzyme 
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tract, treated with Dowex and untreated, were studied in combination with 
1000 y of ascorbic acid, since ascorbic acid is necessary for the initial 
‘oxidative reaction of the system. The results of these experiments are 
shown in Table IV. Here it can be observed that the extract treated with 
Dowex alone has no stimulatory effect on the dialyzed enzyme preparation 
but is slightly inhibitory. In combination with ascorbic acid some stimu- 
lation is obtained, which is probably due mainly to the ascorbic acid. The 
untreated extract alone gives some stimulation in contrast to the results of 
Table III, although this can be explained by the shorter dialysis in the 
present experiment in which all of the enzyme ascorbic acid may not have 
been removed. This is substantiated by the higher activity of the dialyzed 
enzyme control in Table IV as compared to Table III. When a combina- 
tion of untreated extract and ascorbic acid was added, a marked stimulation 
occurred which was much greater than when the treated with Dowex ex- 
tract was employed. Therefore, these results indicate that the factor in 
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the enzyme extract responsible for activating a step in the tyrosine oxidase 
system is anionic in nature, since it can be completely removed by passing 
through Dowex 1. 


DISCUSSION 


The results of this paper confirm and extend the results of previous 
reports (1, 2) in that ascorbic acid appears to be entirely essential for 
tyrosine oxidation and the activation by glutathione occurs at a step later 
than the early activation by ascorbic acid. Ascorbic acid was also shown 
earlier (2) to activate homogentisic acid oxidation, so that the vitamin 
appears to act at two points in the reaction sequence, one at the first 
oxidative step and the other after the formation of homogentisic acid. The 
stimulation by low levels of 2,6-dichlorophenol indophenol has been ex- 
plained on the basis that it substitutes for a labile cofactor which is differ- 
ent from either ascorbic acid or glutathione. Experiments have also been 
reported which indicate that the dye must be reduced before stimulation 
can occur. The factor in the heated enzyme extract which gives activation 
in addition to ascorbic acid, glutathione, and pyridoxal phosphate may be 
identical with the DCPP-substituting factor. The anionic nature of the 
heated enzyme extract factor may place it in the same category as other 
anionic cofactors, but the evidence indicates that it is probably not DPN 
or FAD. 

A summary of the possible sites of action of the cofactors studied in this 
and previous papers (1, 2) may be outlined as follows. Some of the inter- 
mediates listed in the series are known, while others, indicated with an 
asterisk, are surmised by the authors and remain to be definitely proved. 
The general mechanism of action of glutathione as presented here is anal- 
ogous to that suggested by Racker and Krimsky for the function of glu- 
tathione in glyceraldehyde-3-phosphate dehydrogenation (13). 
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SUMMARY 


1. Rat liver tyrosine oxidase is rapidly inactivated by aging and dialysis. 

2. By using the dialyzed enzyme, the activity can be returned by adding 
a combination of ascorbic acid, glutathione, and an extract of heated fresh 
enzyme. In addition to furnishing pyridoxal phosphate for tyrosine trans- 
amination, the enzyme extract contains a factor besides ascorbic acid and 
glutathione necessary for maximal tyrosine oxidation. If low concentra- 
tions of 2 ,6-dichlorophenol indophenol are reduced and kept mainly in the 
reduced form, stimulation of the system occurs. The DCPP-substituting 
factor and the enzyme extract factor are possibly identical. The unknown 
factor has been shown to be anionic in nature. 
3. The interrelationships of the various cofactors for tyrosine oxidase 
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have been discussed, and their possible sites of action in the oxidation o} 
tyrosine to acetoacetate and fumarate have been tentatively indicated. 
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EFFECT OF PYRUVATE ON OCTANOATE METABOLISM AS 
INFLUENCED BY POTASSIUM AND LITHIUM* 
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Pyruvate has been shown to decrease the oxidation of palmitic acid by 
rat liver and kidney slices (1), but to have little influence on octanoate 
oxidation by liver slices (2, 3). Likewise, prior glucose administration 
decreased the rate of oxidation of palmitic acid by the rat in vivo, but not 
that of octanoic acid (4). Glucose has also been reported to decrease the 
oxidation of serum lipides by rat muscle (5). 

The difference between the behavior of the short and long chain acids 
has been further studied. The present paper deals with (a) the effect of 
potassium and lithium on the influence of pyruvate on octanoate oxidation 
by liver and kidney slices, (b) the effect of pyruvate on octanoate metab- 
olism by spleen and heart slices with an incubation medium high in potas- 
sium, and (c) the effect of pi-lactate, glycerol, and acetate on octanoate 
metabolism by liver and kidney slices with a high potassium medium. 


EXPERIMENTAL 


The materials and methods used for the incubations and radioactivity 
assays have been described (1). A solution consisting of nine parts of 0.154 
m NaCl and one part of NasHPO,-HCl buffer was used as the basal incuba- 
tion medium (6). Additions of potassium or lithium as isotonic solutions 
of their chlorides were made at the expense of the NaCl. Octanoic acid- 
1-C", having an activity of 48,600 c.p.m. per mg. of acid, was used as its 
sodium salt. 

Male rats! weighing approximately 150 gm. were used and were main- 
tained on a commercial stock diet? and water. The animals were sacrificed 
by a blow on the head and the tissues were placed in ice-cold oxygenating 


* Supported in part by grants-in-aid from the National Cancer Institute of the 
National Institutes of Health, United States Public Health Service, the American 
Cancer Society through an Institutional Grant to Harvard University, and the 
Nutrition Foundation, Inc., New York. Presented in part at the meeting of the 
Federation of American Societies for Experimental Biology, New York, April 14-18 
(1952). 

The assistance of Hastings K. Wright is gratefully acknowledged. 

1 Wistar strain, obtained from the Charles River Breeding Laboratories, North 
Wilmington, Massachusetts. 

* Purina laboratory chow, Ralston Purina Company, St. Louis, Missouri. 
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TABLE 


ON OCTANOATE 


I 


Effect of Pyruvate on Octanoate Metabolism As Influenced by Potassium and Lithium 









































| Ratiot of Puvate 
control 
Octan- No. a 
i -1-|Pymu-| Ke | Lit | of l er 
Steen ("Gu | vate "| gate Respired CO2 or a (A) + (B) 
4 | @ © 
aes mM | mM | m.eq. “, hou . | % 
perl. | perl. | perl per 1. | 

Liver 0.5) 5 5 | 1.00 + 0.15 | 1.17 + 0.33 | 1.10 + 0.23 
0.5} 5 77 6 | 0.90 + 0.24 | 0.68 + 0.16* 0.71 + 0.16" 

0.5| 5 | 15 8 | 1.05 + 0.13 | 0.81 + 0.227| 0.86 + 0.16" 

0.5| 5 | 77 11 | 1.17 + 0.82 | 0.71 + 0.197 0.81 + 0.17" 

1:0) | 20" | “77 14 | 1.18 + 0.23° 0.69 + 0.177 0.77 + 0.16 

Kidney |0.5| 5 6 | 0.65 + 0.127 0.84 + 0.27 | 0.70 + 0.09 
0.5) 5 77 6 | 0.53 + 0.08*, 0.63 + 0.20* 0.55 + 0.09" 

0.5] 5 | 77 3 | 0.75 + 0.17 | 0.388 + 0.047 0.65 + 0.017 

0.5| 10 | 77 3 | 0.78 + 0.087) 0.35 + 0.14%, 0.72 + 0.09" 

1.0} 20 | 77 8 | 0.67 + 0.09* 0.47 + 0.17* 0.63 + 0.03" 

Spleen Or 3a" | we 7 | 0.95 + 0.15 | 1.24 + 0.94 | 0.96 + 0.15 
Heart 0.5| 5 | 77 6 | 0.68 + 0.237, 0.79 + 0.18" 0.79 + 0.21° 
* Added at the expense of sodium. Ry 
{ Ratio + standard deviation from mean. The significance of the difference be- 


tween the observed ratio and a ratio of 1 was calculated by a ¢ test, and differences 
significant at a 1 or 5 per cent probability level are designated by * and ®, respec- 


tively (7, 8). 


TABLE 


II 


Effect of Various Supplements on Octanoate Oxidation* 





| 
1 | Supplement, 10 ma per 
Slices liter 


Liver pL-Lactate 
| Glycerol 
Acetate 
Kidney | vt-Lactate 
| Glycerol 
Acetate 


| No. of | 
|} rats | 


oe oe 0 os 





; supplement 
Ratiot of control 
Respired C4O2 | Aogeomie- (A) + (B) 
(A) (B) (C) 

| 1.01 + 0.18 | 1.01 + 0.29 1.01 + 0.19 
| 1.34 + 0.25* | 0.71 + 0.15* | 0.90 + 0.14 
0.95 + 0.18 | 0.92 + 0.12 0.94 + 0.13 
0.99 + 0.17 | 0.71 + 0.28 0.92 + 0.15 
1.32 + 0.257 | 0.84 + 0.24 1.09 + 0.16 
0.66 + 0.11* 1.17 + 0.26 0.75 + 0.12* 


* The incubation medium contained 77 m.eq. of potassium per liter. Octanoate- 
1-C4 was present at a final concentration of 0.5 mM per liter. 


¢ Ratio + standard deviation from mean. 


The significance of the difference be- 


tween the observed ratio and a ratio of 1 was calculated by a ¢ test and differences 
significant at a 1 or 5 per cent probability level are designated by * and ®, respec- 


tively (7, 8). 
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NaCl-phosphate buffer solution both before and after slicing. Approxi- 
mately 40 mg. dry weight of tissue were used per flask and the incubation 
in a gas phase of 100 per cent oxygen was of 1 hour’s duration. The actual 
concentrations of octanoate-1-C", pyruvate, potassium, and lithium used 
are given in Tables I and II, together with the results. 


RESULTS AND DISCUSSION 


In the case of liver, pyruvate decreased octanoate metabolism when 
the incubation medium contained high amounts of potassium or lithium 
(Table I). The lack of an effect when an all-sodium medium was em- 
ployed is consistent with earlier results with Ca-free Ringer-phosphate 
solution (2, 3). Except for the case in which 1 mm of octanoate and 20 
mm of pyruvate were used, the influence of the pyruvate was apparent 
only on acetoacetate production. In the case of the 20 mm of pyruvate, 
there was a significant increase in C“O: formation. These results agree 
only in part with those obtained with palmitic acid (1) in which both C“O, 
and acetoacetate formation were decreased. As seen from the data in 
Table II, neither pi-lactate nor acetate influenced octanoate metabolism; 
glycerol, however, significantly increased C“O. production and decreased 
acetoacetate formation without affecting the total. 

Pyruvate decreased C“O2 formation regardless of the incubation medium 
when kidney slices were used. Acetoacetate was decreased in all cases ex- 
cept when the 100 per cent sodium medium was used. Acetate (Table IT) 
was effective in decreasing C“O: formation but not acetoacetate production, 
but since kidney oxidizes fatty acids primarily to carbon dioxide, the total 
oxidation was also decreased. Glycerol caused a significant increase in 
C¥O>. 

As shown in Table I, pyruvate did not influence octanoate metabolism 
in the case of spleen, but did in the case of heart. Whether or not changes 
in the incubation medium would alter the results with these tissues remains 
to be determined. It is obvious from these data that the interrelationship 
between pyruvate and fatty acids is dependent upon the kind of tissue 
used, and in the case of liver is influenced by the electrolytes in the incuba- 
tion medium. The influence of short chain fatty acids on the metabolism 
of pyruvate and related compourds is currently being investigated. 


SUMMARY 


Pyruvate decreased octanoate metabolism by rat liver slices when. the 
incubation medium contained high concentrations of potassium or lithium, 
and the effect was mainly on acetoacetate formation. Acetate and DL- 
lactate were without effect, but glycerol caused a shift from acetoacetate to 
C“O.. Pyruvate decreased octanoate metabolism by kidney slices regard- 
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less of the medium used, and acetate decreased C“O- production when the 
incubation medium was high in potassium. Pyruvate decreased octanoate 
oxidation by heart but not by spleen. 
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A METHOD FOR THE QUANTITATIVE ANALYSIS OF 
17-KETOSTEROID MIXTURES 


By BETTY L. RUBIN, RALPH I. DORFMAN, anp GREGORY PINCUS 


(From the Worcester Foundation for Experimental Biology, and the National Institute 
of Mental Health Cooperative Research Station at the Worcester Foundation, 
Shrewsbury, Massachusetts) 


(Received for publication, January 27, 1953) 


Neher and Wettstein (1) have recently published the details of a paper 
chromatographic method for the separation of weakly polar steroids, with 
a heptane-phenyl Cellosolve solvent system. Savard (2) has described the 
separation of 17-ketosteroids on paper with ligroin as the mobile phase and 
propylene glycol as the stationary phase. 

Starting from the basic work of these authors, a method has been devel- 
oped for quantitative analysis of 17-ketosteroid mixtures. It has been 
designed chiefly for application to the analysis of the principal 17-ketos- 
teroids of urine, although it is not limited to urinary mixtures. The least 
polar components, such as A?r %)-androstene-17-one and 38-chloro-A5-an- 
drostene-17-one, have been resolved with the heptane-phenyl Cellosolve 
system. A heptane-propylene glycol system has been employed to sepa- 
rate the more polar components, such as androsterone,! etiocholane-3a-ol- 
17-one, 11-ketoandrosterone, and etiocholane-3a-ol-11 , 17-dione. 

The paper chromatographic systems will not resolve a mixture of andros- 
terone and A®“!)-androstene-3a-ol-17-one or one of etiocholane-3a-ol-17- 
one and A*“)-etiocholene-3a-ol-17-one. However, the A®“-unsaturated 
compounds can be oxidized to the respective epoxides with perbenzoic 
acid, as suggested by Lieberman et al. (3). The mobilities of the epoxides 
in the heptane-propylene glycol system are sufficiently different from the 
mobilities of androsterone and etiocholane-3a-ol-17-one to afford complete 
resolution. Perbenzoic acid oxidation of the androsterone and etiocholane- 
3a-0l-17-one zones obtained from urine extracts by paper chromatography 
makes possible the quantitative determination of androsterone, etiocholane- 
3a-0l-17-one, A®“)-androstene-3a-ol-17-one, and A®“!)-etiocholene-3a-ol-17- 
one. These A®“))-unsaturated steroids are artifacts which arise from cor- 
responding 118-hydroxy compounds. Thus this analysis gives a measure 
of the concentration of 118-hydroxyandrosterone and etiocholane-3a, 11£- 
diol-17-one originally present in the urine. 


1 Ciba Pharmaceutical Products, Inc., has been kind enough to supply us with 
androsterone. 
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Methods 


Preparation of Paper—Whatman No. 1 filter paper was cut into strips 
15 or 16 cm. wide and 56 cm. long. These strips were washed in a Soxhlet 
apparatus with 1:1 methanol-benzene for approximately 48 hours. A line 
was drawn across the paper exactly 3 inches from the top, and another line 
was drawn parallel to this, exactly 1 cm. below it. Still a third line was 
drawn parallel to the second line, about 2.0 mm. below. The number of 
the chromatogram, the solvent system used, and the duration of the run 
were written in hard pencil in the region above the top line. 

For quantitative determinations, free hanging 2 cm. strips were required, 

and for qualitative determinations 1 cm. strips were used. The preparation 
of each sheet for chromatography depends on the number of urine extracts 
or steroid mixtures to be resolved. Fig. 1 shows a sheet which is suitable 
for the quantitative determination of the components of four mixtures, run 
simultaneously with standard reference compounds. On the topmost of 
the three lines, points were marked off at 3, 6, 8, 11, and 14 cm. from one 
edge. In Fig. 1, on the second line, marks were made at 0.5, 1.0, 2.0, and 
2.5 cm.; at 3.5, 4.0, 5.0, and 5.5 cm.; at 6.5 and 7.5 cm.; at 8.5, 9.0, 10.0, 
and 10.5 cm.; and at 11.5, 12.0, 13.0, and 13.5 cm. These latter markings 
were also made on the paper at a distance about 1 cm. from the bottom. 
Vertical lines were drawn from the markings on the second horizontal line 
to those near the bottom of the sheet. Each dot on the top horizontal 
line was connected by lines to each of the two dots on the second horizontal 
line which flanked it. The paper was then cut to give four 2 cm. strips, 
each with the center cm. ruled off, and one 1 em. strip. The bottoms of 
these strips were cut into points. The top of the sheet, above the top 
horizontal line, was trimmed to 14 cm. in width. 
- Just before the urine extracts or crystalline steroids were put on the 
paper, the paper was impregnated with a 1:1 mixture of either propylene 
glycol and methanol or phenyl Cellosolve and methanol. These two mix- 
tures should be freshly prepared. 50 ml. of either mixture are sufficient 
for impregnating two chromatograms. 

Preparation and Development of Chromatograms—The solutions for quan- 
titative determination were made up so that 100 y or more of 17-ketosteroid 
were contained in 100 wl. Micro pipettes? were used for applying the solu- 
tions at the starting line. 10 ul. aliquots of each solution were removed 
for quantitative Zimmermann determinations (4), and, with a 50 or 100 ul. 
pipette, 100 to 300 ul. of solution were distributed as evenly as possible 
across a 2 cm. strip, in the space between the second and third horizontal 


2 Micro pipettes were obtained from the Microchemical Specialties Company, 
Berkeley, California. 
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lines. A stream of air or nitrogen was used for drying the solution on the 
paper. The more slowly the solution was applied, the better the resolution 
obtained. The standard reference compounds were placed on the 1 em. 
strip, the exact amounts not being determined. A minimum of 5 y was 
used for the reference standard to insure visualization with the Zimmer- 
mann reagent. 
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Fig. 1. Preparation of paper for quantitative chromatography of 17-ketosteroids 


Descending chromatograms were run, with, as mobile phase, heptane 
previously equilibrated with either phenyl Cellosolve or propylene glycol, 
according to which solvent had been used to impregnate the paper. The 
tanks were sealed with starch-glycerol paste (5). It is essential to run the 
heptane-phenyl Cellosolve chromatograms in a tank at 23° + 2°. Higher 
temperatures completely change the character of the resolution of the 
weakly polar steroids. A? 3)-Androstene-17-one and 36-chloro-A*-andros- 
tene-17-one move more slowly and are not resolved from each other, and 
androsterone moves more rapidly. The heptane-propylene glycol chro- 
matograms give satisfactory resolution, with temperatures ranging from 
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23-42°. The heptane-phenyl Cellosolve chromatograms were allowed to 
develop for 12 hours, and the heptane-propylene glycol chromatograms 
developed for 24 or 72 hours, depending on the polarity of the steroids being 
resolved (see ““Experimental’’). The propylene glycol chromatograms were 
allowed to dry by hanging them in the air at room temperature, but the 
phenyl Cellosolve chromatograms required drying in an oven at 90° for 
approximately 1.5 hours (until all odor of phenyl Cellosolve had disap. 
peared), as small traces of phenyl] Cellosolve interfere with the Zimmermann 
reaction. 

Narrow test strips were cut from the outside edges of each strip, care 
being taken not to disturb the center portion of the paper, which had been 
measured at precisely 1 cm. The chromatogram number, the strip letter, 
and a small “1” or “r’’, to indicate whether the test slip was from the left 
or the right edge of the 2 cm. strip, were written on all test strips. After 
the Zimmermann color had been developed (2), the test strips were stapled 
back into their original positions beside the chromatogram, which had 
been mounted on a sheet of paper. Areas corresponding to the Zimmer- 
mann-reacting zones in length, and exactly 1 cm. in width, were cut out and 
placed in test-tubes to which 10 ml. of 95 per cent ethanol were added. 
After a minimum of 16 hours standing at room temperature, 4 ml. aliquots 
of the ethanol solution were taken for quantitative Zimmermann deter- 
minations. 

Calculations—Assume 10 ul. of the solution used contained 100 ¥ of a 17- 
ketosteroid mixture. Then 200 ul. of this solution placed across 2 cm. of 
paper contained a total of 2 mg. of material. Since the solution was 
evenly distributed, the center cm. portion received exactly one-half, or 1 
mg., of the mixture. If the center cm. area corresponding in length toa 
given Zimmermann-positive zone contained 50 y of a single component, 
then that zone contained material corresponding to (50/1000) * 100 = 5 
per cent of the original 17-ketosteroid mixture. 

Preparation and Chromatography of Urine Extracts—The urines were hy- 
drolyzed by boiling for 8 minutes with 15 per cent volumes of hydrochloric 
acid and extracted with ether according to the method of Pincus (4). 
After separation with the Girard reagent (6), the digitonin-non-precipitable 
fraction of the ketonic extract was obtained by the method of Butt ef al. 
(7). After determination of the 17-ketosteroid content by the Zimmer- 
mann reaction (4) in terms of dehydroepiandrosterone, the remainder of 
the extract was transferred to a 2 ml. screw-capped vial and dried by 
heating in a water bath at 90-95° under a stream of nitrogen. Just before 
the urinary material was placed on the paper, it was dissolved in a volume 
of benzene such that 1 mg. of 17-ketosteroid (by Zimmermann reaction) 
would be contained in 100 ul. of solution. If the urinary extract contained 
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less than 7.5 mg. of 17-ketosteroids, it was still dissolved in 0.75 ml. of 
benzene. Two 10 ul. aliquots were taken from each urine extract, with a 
micro pipette, and washed down into the bottom of the colorimeter tube 
with more benzene. These were taken so that it might be known exactly 
how much 17-ketosteroid was put on each chromatogram, as the amounts 
determined after resolution were referred to this figure and calculated in 
terms of the per cent of the material put on the paper. 

From preliminary studies with silica gel chromatography (8) the approxi- 
mate order of magnitude of the various components could be estimated. 
On this basis and from the fact that a 4 ml. aliquot of the 10 ml. eluate of 
each zone should contain at least 8 y of 17-ketosteroid, the standard pro- 
cedure for chromatography of urine extracts was defined as follows: Three 
separate chromatograms were set up for each urine extract, with three 
different aliquots of the extract. 200 ul. aliquots were chromatographed 
in the heptane-phenyl] Cellosolve system for 12 hours. 100 ul. were chro- 
matographed for 24 hours with heptane-propylene glycol and 300 ul. were 
chromatographed in the 72 hour heptane-propylene glycol chromatogram. 
The percentage of the material put on each chromatogram represented 
by each resolved component was determined. Total recovery of 17-keto- 
steroids was the sum of these values. 

Oxidation of Unsaturated Steroids with Perbenzoic Acid—5 mg. of per- 
benzoic acid (9) in benzene solution were added to crystalline steroids in 
amounts varying from 100 to 575 y, and the reaction mixture was allowed 
to stand in the refrigerator for 4 to 72 hours. The reaction mixture was 
diluted with 25 to 30 ml. of ethyl acetate (3). The ethyl acetate solution 
was washed with 5 ml. of 5 per cent sodium bisulfite, 5 ml. of 5 per cent so- 
dium carbonate, and finally three times with 5 ml. of water. The ethyl ac- 
etate was removed by distillation on a steam bath under reduced pressure, 
and the residual oil was dissolved in 10 ml. of benzene. Aliquots of this 
benzene solution were taken for quantitative Zimmermann determinations 
of the total recovery after oxidation. 6.5 to 7.5 ml. aliquots of the benzene 
solution were evaporated to dryness and redissolved in 0.25 ml. of benzene. 
Two 10 ul. aliquots were removed for the Zimmermann determination and 
200 ul. were quantitatively analyzed on paper to determine the percentage 
conversion of the unsaturated compounds to new compounds, particularly 
the epoxide derivatives. After oxidation, the products of the reaction with 
4°) androstene-3a-ol-17-one were chromatographed for 24 hours, and the 
products from A*”-etiocholene-3a@-ol-17-one were chromatographed for 42 
hours. 


EXPERIMENTAL 


Resolution of 17-Ketosteroids—Schematic representations of the chro- 
matographic behavior, under the standard conditions described, of various 
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crystalline 17-ketosteroids and of urinary extracts are presented in Figs, 
2, 3, and 6, which were constructed from many chromatograms, in each 
of which standard reference compounds were included. In the different 
chromatograms, the standard reference compounds did not always travel 
the same distances on the paper. The figures are constructed so that 
compounds that were completely resolved and those that were not com- 
pletely resolved are both accurately represented. They are not literal 
pictures of the distance traveled by each compound in the particular chro- 
matogram in which it was run. 








Starting 
Material om Relative distances trom starting line 
A. 22 ©82) ANDROSTENE -17- ONE —— 
B. 33-CHLORO-A* ANDROSTENE-17-ONE mn 
C. A‘-ANDROSTENE-3,17-DIONE = 
D ANDROSTANE - 3, 17 - DIONE — 
E. I-ANDROSTANE-6-OL-I7-ONE | = 
F ANDROSTERONE — 
G MIXTURE OF A, B, E AND F — —_ 
H. SILICA GEL PEAK I a 
I. SILICA GEL PEAK II pp 
J. URINE EXTRACT | — 

















Fig. 2. Resolution of 17-ketosteroids by paper chromatography. Heptane- 
phenyl! Cellosolve; 12 hours. 


Heptane-phenyl Cellosolve proved to be a good solvent system for the 
resolution of A?©r *)-androstene-17-one and 36-chloro-A*-androstene-17-one 
from the more polar compounds such as androsterone and from each other. 
Pooled materials (after infra-red analysis) from silica gel chromatography 
of a-ketonic extracts of urine (8) were run on paper. Peak I designates a 
fraction derived from silica gel columns which had been found by infra-red 
analysis to contain A? »)-androstene-17-one and 38-chloro-A*-androstene- 
17-one. When analyzed by paper chromatography (Fig. 2), this fraction 
was found to contain both of these compounds and a small amount of 
Zimmermann-reacting material which remained at the starting line. Peak 
II, which has not been identified by infra-red analysis, was found not to 
agree in mobility with any of the crystalline compounds with which it 
was compared. Chromatography of urine extract led to the resolution of 
three components, A?©r *)-androstene-17-one, 38-chloro-A*-androstene-l7- 
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one, and the unidentified component, No. II. A darkly staining zone of 
Zimmermann-positive material remained at the starting line. 

Androsterone and etiocholane-3a-ol-17-one were completely separated in 
24 hours in the heptane-propylene glycol system (Fig. 3). Androsterone 
could not be resolved from A®“!)-androstene-3a-ol-17-one nor could etio- 
cholane-3a-ol-17-one be resolved from A%“!)-etiocholene-3a-ol-17-one. 
Therefore, the androsterone and etiocholane-3a-ol-17-one zones arising from 
urine extracts might well contain varying amounts of the A®“)-unsaturated 





STARTING 
Material HY ‘elat ve aistances from starting line 

A. ANDROSTERONE oe 
B. ETIOCHOLANE -30-OL-17- ONE pane 
¢ A!)_ANDROSTENE-30-OL-I7-ONE ——— 
D A%!_ ETIOCHOLENE -30(-OL-I7- ONE —_—_ 
E A*-ANDROSTENE-3, 11, [7-TRIONE| > 
FE 11 - AETOANDROSTERONE — 
G ETIOCHOLANE -3&-OL-II, 17-DIONE 
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| 
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Fig. 3. Resolution of 17-ketosteroids by paper chromatography. Heptane-pro- 
pylene glycol; 24 hours. 


steroids (10). The presence of unsaturated compounds in these zones has 
been demonstrated for materials eluted from the chromatograms of four 
extracts of urine from two schizophrenic young men. The eluted materials 
were oxidized for 4 hours with perbenzoic acid, and on chromatographing 
the reaction products for 24 hours new components, with slower mobilities, 
were obtained. A representative example is pictured in Fig. 4. Oxidation 
of androsterone or of etiocholane-3a-ol-17-one for 4 hours did not give 
rise to the appearance of any new components in significant quantities, 
whereas oxidation of the A*“)-unsaturated analogues of each gave rise to 
two new components from each, one minor component moving faster than 
the unsaturated compound, and a major reaction product moving at a 
slower rate than the starting material (Fig. 5). The appearance of three 
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slower moving components after the oxidation of the urinary androsterone 
zone and of two slower moving components after the oxidation of the 
urinary etiocholane-3a-ol-17-one zone appears to indicate the presence of 
more than one unsaturated compound in these zones. 

The 1l-oxygenated 17-ketosteroids were resolved in 72 hours in the 
heptane-propylene glycol system (Fig. 6). In this length of time, etio. 
cholane-3a-ol-17-one had either moved to the end of the paper or had 
completely run off. Chromatography of urine extracts demonstrated the 
presence of compounds moving at the same rates as those of 11-ketoan. 
drosterone and etiocholane-3a-ol-11,17-dione. Between the starting line 
and the zone arising from etiocholane-3a-ol-11,17-dione, there was a con- 
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Fia. 4. Effect of 4 hour oxidation of eluted androsterone and etiocholane-3a-0l- 
17-one zones from urine with perbenzoic acid. 


siderable amount of an atypical Zimmermann-reacting material which was 
unresolved and in which no definite zones could be seen. This material 
has been termed “residue” and has not been further characterized. When 
present, etiocholane-3a, 118-diol-17-one and 11-hydroxyandrosterone added 
to urine extracts could be visualized as definite zones within this region, 
termed “residue.”’ Since no definite zones are ordinarily present, the “resi- 
due”’ does not ordinarily contain significant amounts of 11-hydroxylated 
steroids. These steroids have most likely been dehydrated during the 
acid hydrolysis of the urines and are the source of the A°)-androstene- 
3a-ol-17-one and A®“!)-etiocholene-3a-ol-17-one found in the androsterone 
and etiocholane-3a-ol-17-one zones. 

Quantitative Recovery of 17-Ketosteroids after Paper Chromatography— 
Table I lists the quantitative recovery of pure ketosteroids, singly and in 
mixtures, after chromatography under the standard conditions described. 
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rone These steroids were recovered in amounts ranging from 85 to 117 per cent 
the after application of amounts as low as 90 y. Since there is an error in the 
e of Zimmermann determination of +10 per cent, this constitutes essentially 
STARTING 
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Fic. 5. Effect of 5 hour oxidation of crystalline steroids with perbenzoic acid 
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quantitative recovery. The standard errors seen in the averages of five to 
eight runs in which androsterone and etiocholane-3a-ol-17-one were sepa- 


TaBLe I 
Recovery of Crystalline 17-Ketosteroids after Paper Chromatography 




















Compound | Amount Pd Recovery 
td per cent* 
A2(or 3)-Androstene-17-one 90 1 | 87 
£6 in mixture with 3@- 90 3s | WET 
chloro-A5-androstene-17-one | 
36-Chloro-A5-androstene-17-one 120 1 96 
di in mixture with 120 3 | 117 + 2.2 
A*(or 3)-androstene-17-one 
Androsterone 100 8 | 92 + 4.3 
200 7 | 8+21 
= in mixture with etiocholane-3a-ol- 100 5 86 + 5.7 
17-one 200 7 93 + 3.4 
Etiocholane-3a-0l-17-one 100 8 89 + 3.7 
200 7 86 + 7.0 
in mixture with andros- 100 4 88 + 2.3 
terone | 200 8 88 + 5.3 








* + standard error. 


TaBLe II 


Reproducibility of Quantitative Paper Chromatography of Urine Extract (a-Ketonic 
Neutral Fraction) 





| easevess 3 7 Heed 
Z 7 of per cent (+ s.€. 
Fraction No. of trials of material placed 

on chromatogram 





A?(or 3)_ Androstene-17-one i MNTEROIVER .... 2... 6055+ | 6 |} 15.2 41.2 
38-Chloro-A®-androstene-17-one 

PON ORLOLONE SONG soc ccc ties isi eee ew dbase ye Sogewrins on 8 22.3 + 0.4 
Etiocholane-3a-ol-17-one zone.........................45 8 21.8 + 0.5 
PP-tROLOANOTORCOTONG. «covers ob hia sok hee a tebe we 2 | B.05325 
Etiocholane-3a-o0l-11,17-dione.......................044: 2 4.7, 6.4 
WE ool a orate cece ne atsad ad oben e eee ee 2 rf a fe 


rated from each other ranged from 2.5 to 8 per cent of the amount of 
material recovered. 

A pooled urine extract was chromatographed with a heptane-propylene 
glycol system for the least polar components as well as for the most polar 
components. The results are presented in Table II. In this system, the 
least polar compounds were not resolved from each other, but they were 
resolved from androsterone. In six trials, the standard error of the mean 
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amount of 17-ketosteroid found in this group was 1.2 per cent, which is 7.9 
per cent of the amount of 17-ketosteroid present. The standard errors of 


TaBLeE III 


Pattern of Urinary a-17-Ketosteroid Excretion, As Determined by Quantitative Paper 
Chromatography 


Per cent of a-17-ketosteroid 


| 














| é a - (0. 1a 
Diagnosis Sex Age Urine 3 an 2 2 $e 3 $e e 
| ts 38 a3 £ gs 5 gs Residue 5 
\=8 (250/28 | 83 | 38 | S./| 35 : 
j}onm |O88/] BS 36 on we bu 3 
a | ae 1S) gs ‘s- on) ‘sa ° 
| 4 =) < (23) + Ss 23) & 
yrs. | hrs. | 
Normal M. | 22 | 24) 4.3) 1.5 | 2.7 | 32.1 | 25.8 | 4.9| 4.9 | 12.2| 89.4 
‘ 23) 24) 4.3) 0 | 3.5 | 29.8 | 28.7) 2.8 5.1) 13.3) 87.5 
“ ; “ | 29| 2412.6] O | 4.6 | 27.6 | 44.8126) 4.5 | 10.0} 96.7 
‘ “« |34/2413.7| 0 | 2.9 | 24.8 | 25.5 | 0 5.0 10.4 72.3 
“ “ |50/24/0 | 0 |0 | 27.0| 30.0141) 4.4 16.9 | 82.4 
“ “« |63/|48/2.9| 0 | 2.5/ 16.5 | 35.4 0 5.4; 10.0 | 72.7 
. “ | 69/48) 5.3) 4.9/4.8 | 40.5) 26.9 4.5 3.7 15.0 | 105.6 
“ “ | 69/48} 4.3| 3.1 | 5.1 | 27.3 | 25.1 | 4.1} 8.0 | 15.7| 92.7 
“ « | 71|24/5.0| 0 | 5.8 | 28.6 | 28.6) 4.1) 8.2 15.8 | 96.1 
“ “| 77 | 48) 4.7) 3.5 7.4 | 48.3 | 23.1 3.5) 6.1 20.8 | 117.4 
«“ « | 88 | 48] 0 3.1 | 4.2 | 19.1 | 31.6 | 4.8 | 10.6 24.0} 97.4 
“ “ | 89 | 72/2.4] 2.9] 4.3 | 33.8 | 26.6| 4.3 7.8/17.3| 99.4 
“ F. | 74|48/3.1] 0 | 2.5] 18.9 | 28.1) 1.8| 8.1 | 18.6] 81.1 
a “ | 77 | 48| 2.9] 1.4| 4.1 | 22.1 | 36.6 | 2.1 11.3) 15.1] 95.6 
a “ 79 48) 2.8] 2.4 4.7 | 33.0 | 31.0} 3.2 10.8 16.7 | 104.6 
a “ | 79 | 72|3.7| 6.7 | 6.9 | 31.8 | 27.5} 3.2) 9.5 | 19.0 | 107.8 
Ms “ |85/96|3.9| 0 | 3.8/| 20.9 | 31.4 | 2.4 | 12.4/ 17.2| 92.0 
Schizo- M. | 27 | 24/|6.4| 9.5 | 4.3 | 27.5 | 25.4/1.0) 4.3) 9.5] 87.9 
phrenic | 
5 “ | 36 48/4.0] 4.7 6.0 | 24.2 | 23.9 2.9 5.5) 19.1 | 90.3 
“ “ | 38) 24) 4.9] 6.1/4.7 30.8 | 34.6, 2.8 6.4 10.7 | 101.0 
# “ | 39; 24/46] O | 2.6] 31.4 / 38.1) 2.5) 5.2) 9.5] 93.9 
«: “ | 39 | 2412.0] 12.8 | 4.2 | 26.1 | 27.2) 2.2] 5.7/ 11.1] 91.3 
5 F, | 14/24] 5.1| 2.5| 5.1 | 22.4/29.5/4.2| 4.9 | 13.7] 87.4 
Arthritie M. 36 24|7.5| 6.9 4.6 | 32.0) 34.1/6.8 3.3 20.0/ 115.2 
2 F. | 31 | 2411.6] 7.0, 4.5 | 24.8 32.1, 3.3) 5.3 22.0 | 100.6 
e “ | 65 | 24) 4.3] 3.0) 4.1 | 17.4 | 41.2' 3.4) 6.6, 14.1| 94.1 
UOUAIEEOCOM ERS; M6 di =! SIGS > 66 or ce uns os eee ces yeep, Sate | 94.2 
+2.0 


determination of the androsterone and etiocholane-3a-ol-17-one zones were 
less than 2 per cent of the values of those components. Fewer trials were 
made of the resolution ef the 11-oxygenated compounds, and the results 
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were listed singly. Variation in the determination of the components from 
one run to another was not significant. 

A total of twenty-six urine extracts has been analyzed quantitatively 
except for the A°-unsaturated compounds, whose values are reported with 
the androsterone and etiocholane-3a-ol-17-one zones. Since this group is 
made up of a variety of types of subjects, the data are not sufficient for any 
one type to permit statistical evaluation of the patterns of distribution, 


TABLE IV 


Perbenzoic Acid Oxidation of A®'-Steroids (6 Mg. of Perbenzoic Acid in Benzene 
Solution) 




















Total Mean per cent (+ s.e.) 
recovery of material 
| Dura- | of 17- recovered 
Compound Gxida- [Amount Tat | steroid |—— — 
| tion | after | Starting ‘ 
| (Gene) | — — Other zone 
hrs. y | per cent 
A®@)-Androstene-3a-ol- 4 | 480 1 | 06 88 0 
17-one in mixture with | 20 | 475 | 1 58 10 27 
androsterone | 
A9“1)-Androstene-3e-ol- 5 | 230-| 5 |} lll 9 81 Traces (fas- 
17-one 520, | $2.5 | 43.1 | 42.5 ter moving) 
A®@)-Etiocholene-3a-ol- | 5 80 | 1 | 102 63 29 8 
17-one 375 1 92 57 26 
TOw | 50"). 2 <2 1) 798 44 38 
20 | 450 | 2 | 102 23 53 
48 | 300-| 10 97 Ten, 168 Traces (fas- 
500, +3.1  +0.6 | +2.1 ter moving) 
72 |350 | 2/ 76 | 2.3| 63 
Androsterone Bo (200s | - 6. | 106: | es 0 Traces 
‘ 500 +1.9 | 42.7 | 
Etiocholane-3a-ol-17-one | 48 | 500 6 80 68 0 85 + 18 
| +1.4 | +1.3 (slower 


moving) 





The analytical data are listed in Table III. The major components were 
the androsterone and etiocholane-3a-ol-17-one zones and the residue frac- 
tion. The percentage of etiocholane-3a-ol-11,17-dione was greater than 
that of 11-ketoandrosterone in twenty-three of the twenty-six extracts 
studied. The mean total recovery of 17-ketosteroid for the twenty-six 
urines analyzed was 94.2 + 2.0 per cent. 

Quantitative Oxidation of A®“-Androstene-Sa-ol-17-one and A‘ )-Etio- 
cholene-3a-ol-17-one—The studies on oxidation of the A°-unsaturated ster- 
oids with perbenzoic acid are summarized in Table IV. 5 hours were found 
to be a satisfactory time for the oxidation of A®“)-androstene-3a-ol-17-one. 
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81 + 2.5 per cent of the steroid was converted to a single new compound, 
the epoxide. The identity of the epoxide has been established by com- 
parison of the infra-red spectrum with that of an authentic sample.’ 9 
per cent of the starting material was still present as unchanged A°°))-an- 
drostene-3a-ol-17-one, and the remaining 10 per cent was found when the 
rest of the strip was eluted. A component, present in trace amounts and 
moving faster than A®“!)-androstene-3a-ol-17-one, could be visualized as a 
discrete zone. ‘Total recovery after oxidation was consistently higher than 
100 per cent in terms of dehydroepiandrosterone equivalent, indicating that 
the reaction product gives a more intense color in the Zimmermann reac- 
tion than does the starting material. 

A 48 hour oxidation period was required to bring about conversion of 
68 + 2.1 per cent of A%-etiocholene-3a-ol-17-one to the epoxide. There 
was a trace of material which migrated faster than the A®“-etiocholene- 
3a-ol-17-one and 7 + 0.6 per cent of the material appeared to be unchanged 
A°%“)-etiocholene-3a-ol-17-one. The remaining material could not be visu- 
alized by the Zimmermann reaction, but could be detected by elution of 
the remainder of the paper strip. Total recovery after oxidation was 97 
+3.1 per cent. Longer oxidation (72 hours) brought about destruction of 
the Zimmermann-reacting material. 

Before applying the perbenzoic acid oxidation procedure to urinary ma- 
terials, it was necessary to determine the effect of the procedure on andros- 
terone and etiocholane-3a-ol-17-one. Perbenzoic acid oxidation of these 
steroids did not yield compounds of the mobility of the respective epoxides 
(Table IV). Reaction of androsterone with perbenzoic acid for 5 hours 
appeared to produce a compound with a more intense Zimmermann reac- 
tion, since after oxidation 106 + 1.9 per cent of the original material was 
recovered, although only 68 + 1.3 per cent of the androsterone could be 
accounted for in the androsterone position in the chromatogram. After 
oxidation two new components were present in trace amounts, one moving 
faster and one slower than androsterone. The slower moving component 
was not the epoxide. 

Reaction of etiocholane-3a-ol-17-one with perbenzoic acid for 48 hours 
caused some destruction of the steroid. The total recovery was 80 + 1.4 
per cent, and 68 + 1.3 per cent of the etiocholane-3a-ol-17-one was found 
in the expected position on the paper chromatograms. Two components 
moving slower than etiocholane-3a-ol-17-one were found in trace amounts. 
These components could be distinguished from the A )-etiocholene-3a- 
dl-17-one epoxide. 


‘Infra-red analyses were carried out by Dr. Harris Rosenkrantz. Dr. Seymour 
Lieberman very kindly made available to us a sample of authentic 3e-hydroxy-9a, - 
lla-epoxyandrostane-17-one. 
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DISCUSSION 


The quantitative method described affords a convenient tool for the 
analysis of 17-ketosteroid mixtures on a semimicro scale. 5 y of material 
can easily be visualized quantitatively after chromatography, and quanti- 
tative determinations of urinary components present in the amount of 100 
y per 24 hours are feasible. Adaptation of the quantitative Zimmermann 
reaction to a micro scale would mean that as little as 10 y of a single com- 
ponent could be quantitatively determined and that 3 hour urine collec. 
tions could be analyzed. 

Heptane-propylene glycol was used as the solvent system for the more 
polar urinary 17-ketosteroids instead of ligroin-propylene glycol, as sug- 
gested by Savard (2), for two reasons. First of all, heptane is a stand- 
ardized solvent. Secondly, if the same volatile phase is used for all the 
aliquots being chromatographed, the tanks for chromatography become 
interchangeable, which often facilitates laboratory procedure. 

The effect of increasing temperature on the heptane-phenyl! Cellosolve 
chromatography of the weakly polar steroids was quite different from that 
seen with other systems. The usual effect of increasing the temperature is 
to increase the mobility of the steroids. In the heptane-pheny! Cellosolve 
chromatograms, a mixed effect was seen. Androsterone mobility was in- 
creased, but the mobilities of both A?r *)-androstene-17-one and 36-chloro- 
A®-androstene-17-one were decreased, so that they no longer were resolved 
in a mixture and did not separate as readily from androsterone. This 
could be explained if the temperature coefficient of solubility for the ster- 
oids in phenyl Cellosolve is of greater magnitude than the temperature 
coefficient of solubility in heptane. It is essential to run reference stand- 
ards with the heptane-phenyl Cellosolve chromatograms of urinary ex- 
- tracts, because the resolution of the urinary components in the weakly po- 
lar range is the least satisfactory and most variable of the three aliquots. 
It is not essential, though desirable, to run reference standards in the 
heptane-propylene glycol chromatograms. 

The oxidation of A®“!-etiocholene-3a-ol-17-one with perbenzoic acid is 
much slower than that of A®“)-androstene-3a-ol-17-one. After 5 hours, 
81 + 2.5 per cent of A®“)-androstene-3a-ol-17-one was oxidized to the 
epoxide, whereas only 68 + 2.1 per cent of the A®-etiocholene-3a-ol-17- 
one was oxidized to the epoxide after 48 hours. Because of the much 
longer time of exposure of A®“!)-etiocholene-3a-ol-17-one to perbenzoic acid, 
it is not surprising that only 75 per cent could be found as starting material 
and as the epoxide derivative. 20 per cent of etiocholane-3a-ol-17-one was 
destroyed by exposure to perbenzoic acid for 48 hours. The recovery of 
97 + 3.1 per cent of the starting material after a 48 hour oxidation of the 
A®)_etiocholene-3a-ol-17-one could be apparent rather than real. If the 
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oxidation product of A®“!)-etiocholene-3a-ol-17-one resembles the oxidation 
product of A*!)-androstene-3a-ol-17-one in giving a more intense Zim- 
mermann reaction than the starting material, this greater intensity could 
disguise the destruction of A®“!)-etiocholene-3a-ol-17-one. 

In spite of the fact that quantitative conversion of the A°“!)-unsaturated 
steroids was not obtained, the reproducibility of the percentage of each 
compound converted to the epoxide derivatives makes it possible to apply 
the oxidation procedure described to urinary extracts, when the mean 
percentage figures are used as correction factors. 

As stated in “Experimental,” the urine extracts analyzed quantitatively 
by the paper chromatography method were collected from so varied a group 
of subjects that it is not possible at this time to analyze the data statis- 
tically and arrive at the pattern of excretion to be expected in any given 
condition. However, certain observations can be made. It is now pos- 
sible to analyze separately the two artifact compounds arising from acid 
hydrolysis of the urines, namely A?©r %)-androstene-17-one and 38-chloro- 
A4’-androstene-17-one. The value for A?©? )-androstene-17-one should be 
added to the value for androsterone and the determination of the 36- 
chloro-A°-androstene-17-one is important because this compound arises 
from dehydroepiandrosterone. These compounds were not separated in 
2% hour urine extracts by silica gel chromatography (8) or by aluminum 
oxide chromatography (11, 12). 

No 7-androstane-6-ol-17-one was found in the a-ketonic extracts.4 This 
is to be expected, since acid hydrolysis converts this compound into de- 
hydroepiandrosterone, which is digitonin-precipitable. However, the un- 
identified material whose mobility is slower than that of 36-chloro-A®- 
androstene-17-one and faster than that of androsterone is found after paper 
chromatography as well as after silica gel chromatography (8). The mo- 
bility of the compound has been compared with those of A‘-androstene- 
3,17-dione and androstane-3 ,17-dione, and the compound does not appear 
to be identical with either of those two. It is also not identical with 
pregnane-3a-ol-20-one, whose mobility is similar. Pregnane-3a-ol-20-one 
does not give a characteristic Zimmermann reaction on paper, and infra- 
red analysis of the same unknown material obtained from silica gel chro- 
matography showed it to be different from pregnane-3a-ol-20-one. 

Neither Dobriner et al. (13), using pooled urines and employing isola- 
tion techniques, nor the investigators who have analyzed 24 hour urine 
extracts by aluminum oxide chromatography (11, 12) have reported the 
presence of 11-ketoandrosterone as a component to be found regularly in 
human urine extracts. Lieberman et al. (10) reported the presence of etio- 
cholane-3e-ol-11,17-dione in normal urine, but Dingemanse ef al. (11) and 


‘Dr. Lewis Engel generously gave us a sample of 7-androstane-6-ol-17-one. 








644 ANALYSIS OF 17-KETOSTEROID MIXTURES 


Robinson and Goulden (12) make no mention of its occurrence in 24 hour 
urine extracts. Dingemanse et al. (11) and Robinson and Goulden (12) 
report the presence of significant amounts of 116-hydroxyandrosterone and 
etiocholane-3a,118-diol-17-one. Dobriner et al. (10, 13-17) report etio. 
cholane-3a, 118-diol-17-one only in urines of people with cancer, malignant 
hypertension, and Cushing’s syndrome. In contrast to these findings, 11. 
ketoandrosterone and etiocholane-3a-ol-11,17-dione have been found by 
us to be present in all the urine extracts analyzed, whereas the 11-hy. 
droxylated 17-ketosteroids have not been found. It is entirely possible 
that the 11-hydroxylated steroids have been dehydrated by the acid hy. 
drolysis of the urine to A®“)-androstene-3a-ol-17-one and A®”-etiochol- 
ene-3a-ol-17-one. Qualitative oxidation with perbenzoic acid of eluted 
androsterone and etiocholane-3a-ol-17-one zones of four urines from two 
schizophrenic young men demonstrated the presence of both unsaturated 
steroids in significant amounts in those zones. 

Since relatively crude extracts can be analyzed by the techniques de- 
scribed, the technique may prove applicable to extracts of other body fluids 
and to extracts of tissues or of incubation mixtures. Only Zimmermann- 
reacting materials will be visualized. 


SUMMARY 


A method is described for the quantitative analysis of 17-ketosteroid 
mixtures. Paper chromatographic methods involving two different solvent 
systems (heptane-pheny] Cellosolve and heptane-propylene glycol) are used 
for the resolution of the components, and standard conditions were defined 
for resolution of nine components of a-ketonic extracts of urines. These 
components are 36-chloro-A*-androstene-17-one, an unknown steroid, 
androsterone, etiocholane-3a-ol-17-one, 11-ketoandrosterone, etiocholane- 
3a-ol-11,17-dione, A ")-androstene-3a-ol-17-one, A®“”-etiocholene-3a-0l- 
17-one, and an unresolved polar residue. The determination of the 
A°@D. unsaturated 17-ketosteroids can be accomplished by oxidizing the 
androsterone and etiocholane-3a-ol-17-one zones with perbenzoic acid. 
The method is applicable to extracts of other body fluids or of tissues. 


The senior author thanks Dr. Kenneth Savard for his valuable training 
in the techniques of paper chromatography. The authors also wish to 
thank Norman Gibree, Rose Ganzburg, and Lea Burstein for their valuable 
technical assistance. 
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GROWTH INHIBITION OF PURINE-REQUIRING MUTANTS OF 
ESCHERICHIA COLI BY 5-HYDROXYURIDINE* 


By IRVING J. SLOTNICK, DONALD W. VISSER, anp 
SYDNEY C. RITTENBERG 


(From the Department of Bacteriology, University of Southern California, and the 
Department of Biochemistry and Nutrition, School of Medicine, University of 
Southern California, Los Angeles, California) 


(Received for publication, December 19, 1952) 


Substituted pyrimidine nucleosides (1) inhibit the biosynthesis of nucleic 
acid in several biological systems. Rafelson et al. (2) observed that chloro- 
uridine inhibits the uptake of PO, by the ribonucleic acid fraction of 
minced, 1 day-old, mouse brain. Visser e¢ al. (3) found that a number 
of substituted nucleosides including amino-, chloro-, diazo-, formamido-, 
methyl-, and hydroxyuridine inhibit the propagation of Theiler’s GD VII 
strain of murine encephalomyelitis virus in tissue culture of 1 day-old mouse 
brain. Fukuhara and Visser (4) and Roberts and Visser (5) reported that 
several substituted nucleosides inhibit the utilization of uridine, cytidine, 
or uracil in Neurospora crassa 1298. Recent studies by Werkheiser and 
coworkers! reveal that P*?O, uptake into various acid insoluble fractions 
of rat hepatoma is markedly inhibited by aminouridine. 

The present paper reports the further use of selected nucleoside anti- 
metabolites as a means for studying the interrelations of nucleic acid 


precursors in various microorganisms with purine and pyrimidine require- 
ments. 


Materials and Methods 


Materials—The substituted pyrimidine nucleosides were synthesized by 
the procedures of Roberts and Visser (1). Other compounds were ob- 
tained from commercial sources. We are grateful to Dr. B. D. Davis, 
Tuberculosis Research Laboratories, Cornell University Medical College, 
who supplied the mutants of Escherichia coli. 

Cultures—E. coli M45B4 (a mutant requiring either adenine, guanine, 
or hypoxanthine) and EF. coli M55B75 (requiring adenine, guanine, or xan- 
thine) were maintained on slants of a basal glucose-salts-agar medium (6) 
supplemented with 100 mg. of adenine sulfate per liter. Inoculated slants 
were incubated at 37° for 24 hours and stored at 5-7°. Cultures were 


*This work was supported by research grants from the United States Public 
Health Service and the Research Corporation. 
' Unpublished results. 
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transferred weekly and checked at the time of each transfer in basal mediyn 
to confirm continued purine dependency. E. coli M6386 (a pyrimidine 
mutant requiring any of the pyrimidine bases) was maintained in the same 
manner on basal medium supplemented with 20 mg. of uracil per liter, 

Preparation of Inoculum for Assay—A loopful of the organism was taken 
from a slant and inoculated into 5 ml. of liquid complete medium anj 
incubated for 24 hours at 37°. The cells were centrifuged, washed once 
with sterile physiological saline, and resuspended to 5 ml. in saline. | 
ml. of this suspension was transferred to 50 ml. of sterile saline, and 01 
ml. of this suspension served as the inoculum for each assay tube. 

Method of Assay—Each synthetic nucleoside was assayed for growth. 
inhibiting properties in 15 X 150 mm. tubes containing 5 ml. of complete 
medium. The tubes were incubated at 37° and turbidity measurements 
were made with a Klett-Summerson photoelectric colorimeter having a 
brown filter transmitting light at 590 my. Readings were taken period- 
cally until the control tubes containing no inhibitor showed maximal tur. 
bidity which occurred within 18 to 22 hours. The per cent inhibitions were 
calculated by comparing turbidities of the test systems with the contra 
at the time of maximal growth of the latter. 


Results 


The four substituted pyrimidine nucleosides, 3-methyl-, 5-amino-, 5- 
chloro-, and 5-hydroxyuridine, suppressed the growth of FE. coli M6386 
(pyrimidine-requiring) moderately when either uracil (10 y per ml.), cy- 
tosine (15 y per ml.), uridine (20 y per ml.), or cytidine (15 y per ml.) 
satisfied the growth requirement. Complete inhibition of growth was not 
obtained with relatively large additions of any of the above antimetabo- 
lites and in no case was inhibition competitive. Hydroxyuridine was the 
most effective inhibitor irrespective of the pyrimidine substrate supporting 
growth of this mutant. 

When sufficient adenine (80 y per ml.) or hypoxanthine (100 y per ml.) 
was present in the medium for maximal growth response of the purine- 
requiring mutant, E. coli M45B4, 200 y per ml. of methyl-, amino-, or chloro- 
uridine gave only slight, non-competitive inhibitory effects, but relatively 
small amounts of hydroxyuridine (2 y per ml.) completely suppressed the 
growth of this mutant. Similar results were obtained with /. coli M55B75, 
another purine-requiring mutant. The growth inhibition produced by 
hydroxyuridine was competitive in both cases, since the molar ratio of 
hydroxyuridine to purine required for 50 per cent inhibition was constant 
over the substrate concentrations tested (Table I). 

A large number of compounds were tested for their ability to reverse the 
growth inhibition produced by hydroxyuridine. In these tests, 2 y per ml. 
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of hydroxyuridine and 80 y per ml. of adenine were used. This level of 
inhibitor was sufficient for complete suppression of growth in the absence 
of reversing agent, and this level of adenine was sufficient for maximal 
growth response in the absence of the inhibitor. Those compounds which 
reversed the growth inhibition at the above inhibitor concentration to any 
degree were retested at a higher level of hydroxyuridine (20 y per ml.). 
At the low level of inhibitor, only cytidine and uridine produced complete 


TaBLe I 
Inhibition of Test Organisms by Hydroxyuridine 




















Conemnernias 38 50 per cent 
Ciesntaee inhibition Inhibition 
Purine Hydroxyuridine 
mg. per ml. meg. per ml. 
E. coli M45B4 (requires adenine, guanine, or Adenine 
hypoxanthine) 
0.08 0.00026 0.0017 
0.16 0.00065 0.0020 
0.32 0.00090 0.0015 
Hypoxanthine 
0.10 0.0006 0.0031 
0.20 0.0015 0.0038 
E. coli M55B75 (requires adenine, guanine, Adenine 
or xanthine) —_—- 
0.08 0.00022 0.0014 
0.16 0.00030 0.0010 
0.32 0.00060 0.0010 








*The inhibition index was calculated as the molar ratio of purine to hydroxy- 
uridine present in the medium at 50 per cent inhibition. 


growth reversal. The other active compounds at the low level of in- 
hibitor caused only a partial reversal at all concentrations of these reversing 
agents tested. At the high level of inhibitor, again, only uridine and cy- 
tidine caused complete reversal of growth, while the other compounds 
tested failed to produce any reversal activity. The results are summarized 
in Figs. 1 and 2. 

Mixtures of the amino acids and vitamins which gave partial growth 
reversal at low concentration of hydroxyuridine were shown to stimulate 
growth of the test organism in the presence of adenine and absence of 
inhibitor (Table II). Therefore, it is likely that the reversal effects are 
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Fia. 1. Reversal of growth inhibition of Z. coli M45B4 in the presence of 2 y per 
ml. of hydroxyuridine. The curves show the results of a typical experiment. Repli- 
cate tests on individual compounds show slight differences in the reversal values, 
Curve 1, uridine or cytidine; Curve 2, uracil or cytosine; Curve 3, thiamine, pyri- 
doxine, folic acid, or choline; Curve 4, methionine, proline, isoleucine, phenylalanine, 
or glutamic acid. The following compounds showed no reversal activity: orotic 
acid, thymine, xanthine, inositol, p-aminobenzoic acid, riboflavin, pyridoxamine, 
pyridoxal, calcium pantothenate, vitamin By, L-tyrosine, pu-leucine, L-lysine, gly- 
cine, DL-serine, DL-homocystine, pi-homocysteine, L-cystine, L-cysteine, pDL-his- 
tidine, pL-alanine, pL-threonine, pL-tryptophan, L-aspartic acid, L-arginine, ureido- 
succinic acid. 

Fic. 2. Reversal of growth inhibition of EZ. coli M45B4 in the presence of 20 y 
per ml. of hydroxyuridine. Curve 1, uridine or cytidine; Curve 2, uracil, cytosine, 
thiamine, pyridoxine, folic acid, choline, methionine, proline, isoleucine, phenyl- 
alanine, or glutamic acid. 

















TABLE II 
Growth Stimulation of E. coli M45B4 by Various Compounds* 
Supplement to basal medium | Concentration | Galvanometer readings 
SEER ode St eee | 80 | 145 
Be eR EAT TENSOR Satan is. ctoie a SETAE | 160 147 
ghd J POLS ee eee eee | 320 | 144 
WIRED ULNO oi gcocts cre cece 58a Saale vie see ee | 80 each 0 
AiG BOI TAIRGULO sos 5.osck ek é 5 cc vec acer ss BO. 0 
Adenine and vitamin mixture............... 80 ‘“* 195 
= <¢ amino acid mixture............ 80 ‘“ 196 





* Cultures were grown for 24 hours at 37° in 5 ml. of basal medium with the vari- 
ous supplements mentioned above. Galvanometer readings were taken with a 
Klett-Summerson photoelectric colorimeter having a brown filter transmitting light 
at 590 mu. The vitamin mixture contained choline, pyridoxine, folic acid, and 
thiamine. The amino acid mixture contained methionine, glutamic acid, proline, 
isoleucine, phenylalanine, and valine. 
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due to growth stimulation rather than to a specific rédle in nucleic acid 
synthesis. 

The assay procedure used for measurement of growth inhibition by hy- 
droxyuridine could not be satisfactorily used over extended periods of time 
at the concentrations of inhibitor employed. Complete suppression of 
growth was obtained for 24 to 30 hours when 2 y per ml. of hydroxyuridine 
were added to the medium of E. coli M45B4 containing sufficient adenine 
for maximal growth response. In such a culture, growth was observed 
after 30 to 36 hours incubation, and then growth proceeded to some value 
approaching maximum. Since resting cell suspensions of the E. coli mu- 
tant partially oxidize hydroxyuridine, chlorouridine, uridine, and cytidine 
to the same extent and since paper chromatograms of the supernatant 
fluids of cultures which had grown in the presence of antimetabolite for 
24 hours failed to reveal any hydroxyuridine, it was concluded that the in- 
hibitor is changed by the organism to some inactive form. 


DISCUSSION 


The data show that several substituted pyrimidine nucleosides have a 
slight inhibitory effect on the growth of a pyrimidine-requiring mutant of 
E. coli, but this inhibition is incomplete and not competitive. An unex- 
pected result is that one of the substituted nucleosides, 5-hydroxyuridine, 
competitively inhibits the growth stimulation produced by purines in 
purine-requiring mutants of E. coli. The amount of 5-hydroxyuridine 
needed to inhibit the growth of these microorganisms is exceptionally small 
(inhibition index about 0.0017), and in the presence of either uridine or 
cytidine the inhibitory effect of hydroxyuridine is eliminated. 

It is apparent that hydroxyuridine interferes with the utilization of 
adenine or hypoxanthine (or their functional derivatives), since inhibition 
is competitive between these compounds. Evidently, not all of the re- 
quirements of the mutant for adenine are inhibited by hydroxyuridine, 
since neither uridine nor cytidine, both of which completely reverse growth 
inhibition, replaces adenine as a growth requirement. 

Although the available data do not allow a completely adequate explana- 
tion of the mechanism of inhibition, it may be that hydroxyuridine in- 
hibits some function of adenine which is involved in the formation of 
pyrimidine-like compounds. This would help explain the “product effect” 
produced by uridine or cytidine in the presence of adenine and hydroxy- 
uridine. This does not necessarily imply that uridine and cytidine, as 
such, are products of adenine function, since recent studies suggest that 
uridine and cytidine may be converted to “active” intermediates in nucleic 
acid synthesis (1, 7-9). It may also be significant that neither orotic acid, 
uracil, nor cytosine provides a “product effect.” The pyrimidine bases 
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apparently are inadequate as precursors of the compound provided by 
either uridine or cytidine. 


SUMMARY 


1. Several substituted pyrimidine nucleosides have a slight inhibitory 
effect on the growth of a pyrimidine-requiring mutant of Escherichia coli, 
but this inhibition is incomplete and not competitive. 

2. Hydroxyuridine competitively inhibits the growth stimulation pro- 
duced by purines in purine-requiring mutants of EZ. coli. The inhibition 
index is very low, about 0.0017. Uridine and cytidine serve as products 
of the inhibited reaction or reactions, but these compounds do not satisfy 
the growth requirements of purine mutants of E. coli. Uracil, orotic 
acid, and cytosine do not produce the ‘“‘product effect.” 
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PATHWAYS FROM GLUCONIC ACID TO GLUCOSE IN VIVO 
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of The City of New York, Inc., New York, New York) 


(Received for publication, February 10, 1953) 


Using gluconic acid uniformly labeled with C“ and deuterium, we have 
previously studied the oxidation, excretion, and conversion of gluconic acid 


' to glucose in rats (1). The C“ concentration and its approximately even 


distribution in glucose derived from liver glycogen or excreted in the urine 
suggested that gluconic acid was converted to glucose predominantly by 
pathways more direct than via COo. The alternative pathways suggested 
were direct reduction of the acid to the aldehyde, or degradation or frag- 
mentation of gluconic acid to smaller molecules and subsequent resynthesis 
of hexose. The present study, involving parallel administrations of glu- 
conate-1-C'4 and uniformly labeled gluconate-C™“, was undertaken in order 
to evaluate the relative importance in vivo of the over-all pathways by 
which gluconic acid carbon may be utilized and converted to glucose. 


EXPERIMENTAL 


Preparation of Isotopic Sodium Gluconates—Uniformly labeled sodium 
gluconate-C“ was prepared by I, oxidation of uniformly labeled glucose 
derived from bean leaf starch, as previously described (1). 

Sodium gluconate-1-C"* was synthesized by condensing 1 gm. of p-arabin- 
ose with HCN by the method of Koshland and Westheimer (2). After 
hydrolysis of the mixture of gluconamide and mannonamide with Ba(OH). 
the solution was neutralized with COs, clarified with charcoal, and filtered. 
The barium salts were treated with cation exchange resin (Amberlite IR- 
100-H) and the free hexonic acids so generated were neutralized with 
KHCO;. 3 gm. of non-isotopic potassium gluconate were then added and 
the solution was evaporated to dryness in vacuo. The potassium man- 
nonate was extracted from the residue with an excess of boiling methanol. 
The residual solid was crystallized from aqueous methanol-ether. The 
potassium gluconate was converted to sodium gluconate by removal of K 
ions with cation exchange resin and neutralization of the free gluconic acid 
in the eluate with NaOH. After concentration of the solution in vacuo, 
the sodium gluconate obtained was recrystallized from aqueous methanol- 
ether. 

The C* specific activities of the several preparations of the isotopic 
gluconate ranged between 31,800 and 450,000 c.p.m. per milliatom of C. 
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All tabulated specific activities have been expressed relative to 100,000 
c.p.m. per milliatom of C in the injected sodium gluconate. In all prep- 
arations used a single radioactive component was found when chromato- 
graphed on paper with collidine (3). 

Biological Experiments—Experiments were conducted on normal (Ex- 
periments A, B, C, D, and E) and alloxan-diabetic (Experiments F, G, and 
H) male rats of the Sherman strain. The methods of collection of 
urine and of CO, and the analytical procedures for total C and C™ have 
been described (1). Sodium gluconate-1-C" and uniformly labeled sodium 
gluconate-C™ were injected intraperitoneally in parallel experiments con- 
ducted either on pairs of similar rats (Experiments A, B, D, and E) or on 
the same rat after intervention of a suitable time interval (Experiments 
C, F, and G). The diabetic rat of Experiment F was used in three such 
pairs of studies at different dosage levels (Experiments F,, F2, and F;). 
Experiments F; and F; were carried out with the same diabetic rat about 5 
months after Experiment F;. The diabetic rat of Experiment H received 
only sodium gluconate-1-C. Dosage levels and times of CO. and urine 
collections are given in Tables I and II. The rats were fed either a syn- 
thetic diet (4) (Experiments A, B, and H) or pellets (Experiments C, F:, 
F;, and G). In Experiment F,; no food was given. In the short term 
Experiments D and E, designed to obtain maximal radioactivity in the 
liver glycogen, the rats were fasted for 24 hours and then given 2 mm 
(Experiment D) or 4 mm (Experiment E) of glucose per 100 gm. of rat by 
stomach tube at the same time that the radioactive gluconate was injected. 
The normal rats were killed for liver glycogen isolation after 24 hours 
(Experiments A and B) or 3 hours (Experiments D and E). 

Diabetic Rats—Rats were made diabetic by the intraperitoneal injection 
of 150 mg. of alloxan monohydrate per kilo of rat. Three severely diabetic 
rats were selected for use. The rat used in Experiment H had been diabetic 
for 6 weeks and, when fed the synthetic diet, was excreting about 20 gm. 
of glucose in a volume of about 200 ml. of urine per day. The same rat 
excreted 12 gm. of glucose per day on a diet of pellets. Another rat, used 
in Experiment G, was excreting about 10 gm. of glucose in 180 ml. of urine 
each day while on a diet of pellets and was used about 4 weeks after alloxan 
administration. A third diabetic rat was used for Experiment F;, 3 weeks 
after receiving alloxan, while excreting about 3 gm. of glucose in 75 ml. of 
urine per day. This same rat was employed 5 months later in Experiments 
F, and F;, at which time it was excreting about 12 gm. of glucose in 200 
ml. of urine on a diet of pellets. 

Glucose Degradation Studies—From part of the urine of each diabetic rat 
glucose was isolated as glucosazone, which was recrystallized to constant 
radioactivity. Samples of glucosazone were oxidized with periodate (5, 6), 
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the osazone derived from C-(1 + 2 + 3) was removed by filtration, and 
the formaldehyde from C-6 isolated as its dimedon derivative. In contrast 
to all other samples, dimedon formaldehyde was plated and counted di- 
rectly without prior combustion. An experimentally determined correction 
factor of 1.15 was applied to these counts to make them directly comparable 
with those done on BaCO;. C-(4 + 5) was obtained by HgO oxidation of 
the formic acid in the residual solution. Glucose pentaacetate was isolated 
from the remainder of the urine in each case. Recrystallized glucose penta- 
acetate was hydrolyzed by refluxing with 0.8 Nn H.SQ,, acetate and sulfate 
were removed with anion exchange resin (Amberlite IR-45), and the free 
glucose in the eluate was used for determination of radioactivity in C-1. 
C-1 was obtained in some cases by a Wohl degradation (7) and in others 
by oxidation of glucose in a bomb tube with HBr (8). Analyses for the 
average of C-(1 through 6) were carried out on both the free glucose and 
the glucosazone samples, the results obtained agreeing well in all cases. 

Glycogen—Glycogen was isolated from the cold trichloroacetic acid ex- 
tracts of the livers of normal rats killed either 3 or 24 hours after injection 
of isotopic sodium gluconate. Part of each purified glycogen sample was 
subjected to wet combustion to obtain the average C™ concentration of 
C-(1 through 6). Pooled samples of liver glycogen were hydrolyzed, C-1 
was isolated as BaCO; after treatment with HBr, and C-6 as dimedon 
formaldehyde after a periodate oxidation. 


DISCUSSION 


The purpose of the present study has been to evaluate, in so far as 
possible, the extent to which gluconic acid is metabolized and the general 
routes of its metabolism in the intact rat. It is altogether likely that an 
initial phosphorylation must precede the further transformations of glu- 
conic acid, as suggested by the finding of a gluconokinase in various mi- 
crobial cells (9, 10), and it is possible that in effect the present results 
represent the fates of 6-phosphogluconic acid in the animal body. The 
techniques here employed do not yield any direct evidence relating to the 
occurrence or non-occurrence of such a phosphorylating step. 

Urinary Excretion of Gluconate—Tables I and II give a summary of the 
per cent of injected dose of radioactive material recovered in the urines 
and expired CO, of a number of normal and alloxan-diabetic rats. The 
first facts to be noted from these figures are the magnitude, speed, and 
variability of the urinary excretion of gluconic acid. A very large part of 
the injected gluconate, regardless of the size of the injected dose, is excreted 
unchanged. We have repeatedly isolated gluconic acid of undiluted iso- 
tope composition from the urines of rats receiving isotopic gluconic acid 
(1). The per cent of dose found in the urine varied greatly, ranging, in 
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most experiments, from 60 to 85 per cent in 24 hours. Most of this excre- 
tion occurred in the first few hours after injection. For example in Table 
I, Experiment C, and in Table II, Experiments F,, F2, and G, it can be 
seen that nearly as much C" was recovered in the urine after 6 or 7 hours 


TABLE I 


Per Cent of C4 Excreted by Normal Rats after Intraperitoneal Injection 
of Na Gluconate-C'4 





Per cent of dose in CO2 | Per cent of dose in urine C 








| : 
Experiment |No. of rats* Quantit 





| Time / Uniform . 
beak cats Gacepte te ghucqate. Beats Caley 
tered [ eaeed tered administered 
| 
| | gel | hrs. 
A 2 | 2 24 12.7 8.3 66.7 70.4 
B Poa By 9.0 | 4.9 | 82.4 81.5 
C | 1 1 | 7 9.4 | 38 | 382.6 81.8 
| 24 15.1 | 65.2 33.2 82.6 
D 2 1 3 2.7 2.7 71 67 
E 2 1 3 4.4 1.9 46 53 





* In Experiments A, B, D, and E pairs of rats were used, one rat for gluconate- 
1-C4 and the other for uniform gluconate-C'. In Experiment C the same individ- 
ual rat was used for both studies. 


TaBLeE II 


Per Cent of C'4 Excreted by Alloxan-Diabetic Rats after Intraperitoneal 
Injection of Na Gluconate-C4 





| 
Per cent of dose in COz Per cent of dose in urine C 








| 


Experiment Quantity Time ini tpee ee ie ite a 
(1 rat in each)* injected | Gluconate-1-! Uniform | Gluconate-1-| Uniform 
| C¥ adminis- | gluconate-C'4, C4 adminis- | gluconate-C" 
tered administered | tered administered 
he e | 
Fi to | 6 4.8 $3 | ma 73.5 
| = oa | oe. | Ha 74.8 
F, a Sa ae. 79.0 13.9 
| te wae | | 79.5 16.6 
F; ae | = | ee ae 
oe) aa) oes 85.0 64.4 
1 | Soo) a>} Sie) - ae 66.6 
| | 24 7.5 | 89 | 63.0 | 68.0 
H | 2 | 6 33.5 | 26.9 | 








* Experiments F;, F2, and F; were all carried out with the same individual di- 
abetic rat. 
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as after 24 hours. Even in Experiments D and E (Table I), in which 
normal rats were killed only 3 hours after receiving isotopic sodium gluco- 
nate intraperitoneally, up to 70 per cent of the C“ had already been elim- 
inated in the urine. Thus it would seem that gluconic acid is readily ab- 
sorbed from the peritoneum and rapidly enters the blood stream from 
which it is efficiently removed by the kidney. Occasionally, as in Experi- 
ment C (Table I) and again in Experiment F, (Table II), the same rat, 
under apparently identical conditions, showed great variability in urinary 
excretion of the injected gluconate. In Experiments F,, F., and F;, in 
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CUMULATIVE % OF C'* DOSE IN CO2 








t FS 6 12 24 
HOURS 


Fig. 1. Production of CO. by normal rats. The per cent of injected C™ ex- 
creted as CQ. has been plotted cumulatively against time. Comparable experi- 
ments in which gluconate-1-C4 and uniform gluconate-C were given are indicated 
by letter. The differences between the various experiments are indicated in the 
text and in Table I. 


which the same alloxan-diabetic rat was used for all six experiments, no 
systematic effect of quantity injected upon urinary excretion of gluconate 
was observed over a dosage range of 2 to 0.2 mm per 100 gm. of rat. Thus 
it would seem that the major fate of injected gluconate in both the normal 
and the diabetic rat is elimination in the urine, leaving available for utiliza- 
tion only such as is not rapidly excreted. 

Gluconate + CO,—A comparison of the per cent of dose in the CO from 
the two differently labeled gluconates is somewhat complicated by the 
variability of the urinary excretions under apparently identical conditions. 
The results in normal rats (Table I, Fig. 1), however, are sufficiently con- 
sistent to indicate that C-1 of gluconate contributes to the expired CO, 
ata more rapid rate and to a greater extent than does the average of the 
6 carbon atoms of gluconic acid. Thus a major metabolic fate of retained 
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gluconic acid in the rat involves the preferential contribution of the car- 
boxyl carbon to COs:, possibly via 6-phosphogluconic acid over steps de- 
lineated by Horecker et al. (11). It is also clear that this is not the sole 
contribution of gluconic acid to COs, since, if this were the case, the antici- 
pated radiochemical yield of CO, from gluconate-1-C“ would be 6 times 
that from the uniformly labeled material. Carbon atoms 2 through 6 also 
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Fig. 2. Production of CO, by alloxan-diabetic rats. The per cent of injected 
C4 excreted as C'4Oz has been plotted cumulatively against time. Comparable ex- 
periments in which gluconate-1-C and uniform gluconate-C were given are indi- 
cated. The differences between the various experiments are indicated in the text 
and in Table II. 


make a contribution to the COs, but in the normal rats combustion of the 
remainder of the molecule lags behind the decarboxylation. 

When alloxan-diabetic rats were similarly studied (Table II, Fig. 2), this 
relationship of radiochemical yields of CO, was in most instances reversed 
(Experiments F,, F;, and G). More C™ was contributed to CO. from 
uniformly labeled gluconate than from gluconate-1-C". Although no defin- 
itive explanation for this can be given, it may be suggested that a meta- 
bolic fragment from the upper part of the gluconic acid molecule may ac- 
cumulate and be less readily converted to CO; in the diabetic than in the 
normal rat. Alternatively, the effect might be due to depressed decarboxy- 
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lation of gluconate in diabetic rats. The simpler explanation involving 
reduction of gluconate to glucose prior to oxidation may be ruled out on the 
basis of the low concentrations of isotope found in glucose after gluconate- 
1-C' administration (see below). 

Gluconate — Glucose—Isotope evidence of the glucogenic nature of glu- 
conic acid has been presented in an earlier communication (1). The extent 
of utilization of gluconic acid carbon in glucogenesis may be seen from the 


TaBLeE III 


C'4 in Glycogen and Glucose after Administration of Gluconate-1-C'* and 
Uniform Gluconate-C14* 





| Gluconate-1-C™ adminis- | Uniform siisiiaaie -Cu 
administered 




















eta! wee | Time | _____] Ratio, “ 
cu peste Per cent of cot | C¥ specific | Per cent of | 
activity (A) C¥ dose | activity sie C™ dose 
Beds: deities of normal rats 
— ~ i > 
(aaa | hrs. de Cc | | chemi te" C| | 
| 
A | - | 0.03 | 482 | 0.30 9.3 
e , ae 4 
D aa | 0.02 1050 (0.33 11.5 
E | 4 4 pe 0.02 1480 | 0.55 | 10.1 
| | 
Urine apne of ‘sien diabetic rats 
77 EY EEEEEEET Enum commer nae = = 
et 6 | 49 | 027 | 330 | 1.7 7.7 
F. | #1 | i 79 0.18 | 1750 5.1 | 22.2 
F; 0.2 7 | 26 Ce |) ae | 7 |) oe 
G 1 7 4 71 0.27 684 | 3.0 9.6 








” * AN specific. activities are expressed relative to 100 ,000 c.p.m. per milliatom of 
C in injected gluconate. 


data given in Table III. In normal animals it was found that relatively 
small amounts of gluconate had been used in glycogen synthesis. After 
administration of 2 mm of labeled gluconate per 100 gm. of rat to well fed 
normal rats, only 0.3 per cent of the administered total gluconate carbon or 
0.03 per cent of C-1 was recovered in liver glycogen after 24 hours. In 
similar experiments, when 1 mm of labeled gluconate was given, only traces 
of C' were found in liver glycogen. In experiments designed to obtain 
higher concentrations of C' in glycogen for degradation studies (Experi- 
ments D and E), gluconate-C was injected simultaneously with tube 
feeding of glucose to previously fasted rats. Liver glycogen, isolated after 
3 hours, had a higher C" concentration, but the per cent of dose incor- 
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porated was only 0.3 to 0.6 per cent of total gluconate carbon or 0.02 per 
cent of C-1. In diabetic rats 2 to 7 per cent of total gluconate carbon ad- 
ministered or 0.2 to 0.5 per cent of C-1 was recovered in urinary glucose. 

Whether glycogen from the livers of normal rats or glucose from the 
urine of diabetic rats was studied, the striking finding was that the specific 
activity of the product ranged from 8 to 22 times as high (B:A, Table IIT) 
when uniformly labeled rather than when gluconate-1-C™ served as sub- 
strate. This finding requires that the bulk of the glucose which is formed 
from gluconic acid carbon arise by reactions which involve the loss of car- 
bon 1 of gluconic acid. If direct conversion by reduction of gluconic or 
6-phosphogluconic acid were the major pathway, this ratio would ap- 
proximate 1. 

Chemical Degradation Studies and Routes of Glucogenesis from Gluconate— 
Three possible routes whereby gluconate carbon atoms can be delivered to 
glucose have been considered and the resultant distributions of isotope 
derived from gluconate-1-C™ are indicated in Fig. 3. 

1. Gluconic acid, with or without preliminary phosphorylation, may be 
reduced to the level of aldohexose without splitting of the carbon chain. 
The resulting glucose would contain isotope in C-1 after gluconate-1-C™ 
administration (Fig. 3 (c)). It would be uniformly labeled after adminis- 
tration of uniform gluconate-C"™. 

2. CO, arising from any of the carbon atoms of gluconate in the course 
of its metabolism may be utilized in glucose synthesis. Gluconate-1-C™ 
can contribute CO, by any series of steps resulting in decarboxylation at 
C-1. Uniform gluconate-C™ can contribute CO, from any of its carbon 
atoms. In either case, through operation of the “succinate shuttle,” the 
C' would be located predominantly in C-3 and C-4 of glucose formed (Fig. 
3 (b)) (12). The same distribution of isotope might arise if gluconate 
underwent a cleavage yielding a glucogenic 3-carbon acid in which the 
carboxyl carbon arose from C-1 of gluconate-1-C™ (13). 

3. Gluconic acid, probably as its 6-phosphate, may be split and com- 
pounds derived from the lower portion of the molecule, C-(2 through 6), 
such as 3-phosphoglyceraldehyde from C-(4 + 5 + 6) may be used for 
glucose synthesis. By reversal of glycolysis such compounds would give 
glucose containing no C™ when gluconate-1-C™ was given (Fig. 3 (a)). 
Uniformly labeled gluconate would give uniformly labeled glucose by this 
pathway. The hypothetical 3-carbon fragment might arise by direct cleav- 
age between carbon atoms 3 and 4 (13) or by a secondary split of pentose- 
5-phosphate formed from the gluconate (14). 

Partial degradations designed to study the distribution of C™ in the 
glucose excreted by the diabetic rats have been carried out and the ana- 
lytical data are presented in Table IV. As in the earlier study (1) isotope 
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was found to be approximately uniformly distributed throughout the 6 
carbon atoms of glucose when uniformly labeled gluconate served as pre- 
cursor. From this finding, considered together with the observation (Table 
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(C) 


Fic. 3. Postulated pathways of carbon from gluconate to glucose. The heavier 
lettering indicates the major distribution of the carboxyl carbon of gluconic acid 


resulting from each of these pathways. 


III and Experiment G, Table IV) that about 10 times as much isotope 
entered glucose from uniformly labeled gluconate as from gluconate-1-C*, 
it is concluded that about 90 per cent of the glucose carbon derived from 
gluconic acid comes from carbon atoms 2, 3, 4, 5, or 6. In terms of the 
three pathways postulated in Fig. 3, it follows that pathway (a), via frag- 


ments from the lower portion of 


the molecule, is the major one in the 


generation of glucose from gluconic acid. 
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To evaluate the pathways whereby the residual 10 per cent of gluconic 
acid carbon enters glucose, it is necessary to consider the distribution of 
isotope in glucose following administration of gluconate-1-C“. In order 
to clarify the discussion, the data of Table IV have been recalculated (Table 


TaBLe IV 


Degradation of Urinary Glucose from Diabetic Rats Given 
Na Gluconate Intraperitoneally 
C* specific activity, c.p.m. per milliatom C 

















| e 
Glucose C Gluconate-1-C¥ given | Guviete given 
| Experiment H | Experiments | Experiment G Experiment G 
. Bt 
C-(1 through 6) 1280 80 71 665 
C-1 369 33 20 661 
C-(4 + 5) 1790 98 82 588 
C-6 | 150 | 9 6 591 





* Glucose samples pooled for degradation. 


TABLE V 


C'4 Concentrations in Individual Carbon Atoms of Glucose from Diabetic 
Rats Given Gluconate-1-C'4* 











C* specific activity, c.p.m. per milliatom C 
Glucose C 
Experiment H Experiments F; + Fs Experiment G 
C-1 369 33 20 
C-2 150 9 6 
C-3 3430 187 158 
C-4 3430 187 158 
C-5 150 9 6 
C-6 150 9 6 

















* Numbers were obtained by calculation from values given in Table IV, assuming 
C-3 = C-4 and C-2 = C-5 = C-6. 


V) with specific activities assigned to each of the 6 carbon atoms of glucose, 
on the assumptions that carbon atoms 3 and 4 have identical specific ac- 
tivities and that the slight “smear” of C4 found in C-6 is the same as that 
in C-2 and C-5. Whereas it is recognized that these assumptions can not 
be rigorously defended, it is believed that they are valid as a first approxi- 
mation. 

Study of the values in Table V reveals that in each case, after injection 
of gluconate-1-C", the major portion of the isotope in glucose resides in 
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positions 3 and 4. However, there is also specific isotopic enrichment of 
C-1 as is shown by the finding of about 3 times as much C" in C-1 as in 
C-6. From these observations it would appear that both pathways (b) 
and (c) (Fig. 3) are operative. From the finding (Table V) that the differ- 
ence in specific activities between C-1 and C-6 is about one-tenth or less 
of the specific activity in positions 3 or 4, it is concluded that far more, 
possibly 20 times as much, carbon of glucose is derived from position 1 of 
gluconate via CO (b) as by the pathway of direct reduction (c). 

Liver Glycogen from Normal Rats—The quantity of glycogen available 
for degradation studies was very small and, in the case of that from the 
gluconate-1-C* experiments, so low in C™ concentration that only an in- 
complete degradation could be carried out. Approximately uniformly la- 
beled glycogen followed administration of uniform gluconate-C™ to normal 
rats, while, after administration of gluconate-1-C', C-1 and C-6 contained 
very little C'*. A pooled sample of liver glycogen from several gluconate- 
1-C“ experiments had a specific activity of 396 c.p.m. per milliatom of C 
in C-(1 through 6) and only 50 in C-1 and 10 ¢.p.m. per milliatom of C in 
C-6, suggesting relatively much higher activity in C-(3 + 4). The results 
obtained from liver glycogen in normal rats are thus in accord with those 
from urinary glucose of diabetic rats. 

Evaluation of Pathways from Gluconate to Glucose—A major metabolic 
fate of intraperitoneally injected gluconic acid in the rat appears to involve 
the loss of carbon atom 1 as carbon dioxide and the formation of glucogenic 
fragments from the residue of the molecule. This view is supported both 
by the finding that the carboxyl carbon of gluconic acid contributes pref- 
erentially to CO, and by the fact that the major contribution to glucose 
stems from carbon atoms 2, 3, 4, 5, or 6. In the present study, roughly 90 
per cent of glucose carbon derived from gluconate came over this or some 
similar pathway. 

Carbon atom 1 of gluconic acid also enters glucose in the body of the 
rat. The present results indicate that the major share of this contribution 
stems from fixation of CO: derived from the decarboxylation step men- 
tioned above. This process may account for about 10 per cent of all of 
the carbon from gluconate which is introduced into glucose. 

The consistent finding of greater isotope enrichment at C-1 than at C-6 
of glucose after injection of gluconate-1-C™ indicates that the carboxyl 
group of gluconic acid is subject to reduction to the carbonyl level but only 
to a very minor extent. Whereas the direct reversal of either the TPN 
oxidation of glucose-6-phosphate or the DPN oxidation of glucose seems 
unlikely on thermodynamic grounds, evidence has been adduced recently 
favoring the 6-lactone as an intermediate in the oxidation and it has been 
suggested that reduction of the lactone might be more readily effected than 
reduction of the carboxylic acid (15, 16). It is concluded from the present 
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experiments that in the intact rat less than 1 per cent of all of the glucose 
carbon derived from gluconic acid comes via. direct reduction without re- 
arrangement of the carbon skeleton. 


SUMMARY 


Gluconate-1-C™ and uniform gluconate-C" acid have been prepared and 
administered intraperitoneally in parallel experiments to normal and al- 
loxan-diabetic rats. 

Gluconic acid carbon was found to be rapidly and extensively excreted in 
the urine. In normal rats CO2 was produced more rapidly from C-1 of 
gluconate than from the average of C-(1 through 6). In most experiments 
with diabetic rats, on the other hand, less CO, came from C-1 than from 
C-(1 through 6). 

Gluconic acid carbon was found to have been utilized for glucose synthe- 
sis. The relative isotope concentrations and the distribution of C' found 
in glycogen and in urinary glucose after administration of gluconate-1-C™ 
and uniform gluconate-C™ permit an evaluation of the pathways by which 
gluconate carbon gets to glucose. 

Of the gluconate carbon which goes to glucose it has been estimated that 
(1) a significant but small amount, probably less than 1 per cent, goes by 
pathways involving a direct reduction of the carboxyl group without a 
split of the carbon chain; (2) roughly 10 per cent can be accounted for as 
coming from CO, derived from C-1 of gluconic acid; (3) the major fraction, 
approximately 90 per cent, of such gluconate carbon as gets to glucose, goes 
by steps involving loss of C-1 and utilization of glucogenic compounds 
derived from C-(2 through 6) of gluconate. 
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PHOSPHATASES OF RAT LIVER 


II, ADENOSINETRIPHOSPHATE DEPHOSPHORYLATION 
IN REGENERATING LIVER* 


By ALEX B. NOVIKOFF, ESTELLE PODBER, anp JEAN RYAN 


(From the Departments of Pathology and Oncology and of Biochemistry, College of 
Medicine, University of Vermont, Burlington, Vermont) 


(Received for publication, January 21, 1953) 


In the dephosphorylation of ATP! by adult rat liver homogenates, a 
major réle is played by a magnesium-stimulated ATPase localized in the 
isolated mitochondrial fraction (1). However, in liver tumors, as in other 
tumors tested, ATP dephosphorylation is catalyzed mostly by an apyrase, 
stimulated equally by calcium and magnesium ions and localized in the 
isolated microsome fraction (2, 3). It seemed of interest, therefore, to 
study ATP dephosphorylation in “regenerating” liver in which cell divi- 
sion, although no less rapid than in tumors, lacks the relative autonomy 
from organismal influences which characterizes tumor growth. 

The data to be presented show that rapidly growing regenerating liver 
resembles normal adult liver, rather than tumors, both in the general pat- 
tern of intracellular distribution of ATP-dephosphorylating activity and in 


the relative effectiveness of magnesium and calcium ions in stimulating 
this activity. 


EXPERIMENTAL 


Four male Sprague-Dawley rats, weighing 175 to 200 gm., were used in 
these experiments; they were given Purina dog chow and water ad libitum 
before and after surgery. Partial hepatectomies were performed according 
to the method of Higgins and Anderson (4); the animals were killed 70 to 
72 hours later. The liver tissue removed at partial hepatectomy was used 
as the control for the regenerating liver of each animal (5). The extent of 
liver restoration was calculated, as in an earlier investigation (5), from the 
weights of the liver mass removed at the time of surgery and the total liver 
weights when the animals were killed; corrections were made for changes 
in animal weights. Random portions of the original and regenerating 


* This investigation was supported in part by a research grant from the National 
Cancer Institute of the National Institutes of Health, United States Public Health 
Service, and by a grant-in-aid from the American Cancer Society upon recommenda- 
tion of the Committee on Growth of the National Research Council. 

1 The following abbreviations are used: ATP = adenosinetriphosphate, ADP = 
adenosinediphosphate, A-5’-P = adenosine-5’-phosphate, PNA = pentose nucleic 
acid, DNA = desoxypentose nucleic acid. 
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livers were used for the preparation of microscopic slides and for the deter- 
mination of water content. Homogenates in 0.88 m sucrose were prepared 
from the remaining liver. Six intracellular fractions were separated by the 
differential centrifugation procedure described elsewhere (6): nuclear frac- 
tion (NF), mitochondrial fraction (Mt), mixed fraction (Mx), two micro- 
somal fractions (Mc; and Mcz) and supernatant fluid (SF). Homogenates 
(H) and fractions were assayed for nitrogen content (7) and for PNA and 
DNA (8). ATP dephosphorylation was measured without addition of 
bivalent ions and in the presence of 10-* m MgCle or 10-* m CaCl, (the 
“standard system’’ previously described (1)); these assays were performed 
after the homogenates and fractions had been frozen at —25° and thawed, 
since this often leads to a considerable increase in activity (6). 

ATP-1 was used as substrate in the first two experiments, and ATP-2 in 
the last two. They were prepared in the following fashion: A7'P-1, the 
disodium salt purchased from the Pabst Laboratories, Milwaukee, Wiscon- 
sin, was dissolved in water to a concentration of approximately 0.04 u 
(based on absorption of ultraviolet light at 2600 A), adjusted to pH 6.8, 
and kept in frozen state until used. AT'P-2, the dibarium salt, obtained 
from the Ernst Bischoff Company, Inc., Ivorytown, Connecticut,? was dis- 
solved in dilute acid and converted to the sodium salt by passage through a 
column of sodium-charged Amberlite IR-120. It was then diluted to 0.03 
to 0.04 m, adjusted to pH 6.8, and frozen. When thawed and assayed by 
the method of Cohn and Carter (9), ATP-1 contained no A-5’-P, 4 per cent 
ADP, and 96 per cent ATP; ATP-2 had no A-5’-P, 7 per cent ADP, and 
93 per cent ATP. Neither ATP preparation gave evidence of metallic or 
other impurities when tested by the method of LePage and Potter (10). 


Results 


The following facts indicate that the regenerating livers were actively 
growing at the time the animals were killed. (a) In all four experiments the 
PNA contents of the homogenates were higher in the regenerating than in 
the normal control livers. When expressed on a dry weight basis, the 
PNA increases were 20 to 44 per cent (average, 32 per cent), and when on 
a total nitrogen content, the increases were 19 to 37 per cent (average, 30 
per cent); (b) 65 to 82 per cent (average, 72 per cent) of the original liver 
weights had been restored (see Novikoff and Potter (5)); and (c) the re- 
generating livers had numerous mitotic figures. Of 1000 cells counted in 

2 We are indebted to Dr. Edward Harvill for a generous supply of this ATP. 

3 Among the isolated fractions, the ‘‘nuclear fraction’? showed the greatest in- 
crease (46 per cent) in PNA/N, (cf. Price and Laird (11)). In the mitochondrial 
fraction the increase was 27 per cent; in the two microsome fractions it was 19 
and 23 per cent. The ‘‘mixed fraction’? showed essentially no increase, sug- 
gesting the presence of granules not present in either the mitochondrial or two 
microsomal fractions (see Novikoff et al. (6)). 
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each, nineteen to forty-six (average, twenty-nine) were in metaphase or 
anaphase in the regenerating livers, as compared with one to three (aver- 
age, two) in the original control livers. 

The average figures for the total ATP-dephosphorylating activities re- 
covered in the six fractions were 100 and 104 per cent of those in the ho- 
mogenates for normal and regenerating livers, respectively, in the presence 
of MgCl.; 107 and 103 per cent in the presence of CaCl.; and 69 and 74 
per cent without added bivalent ions (see the legend to Fig. 1). 

The activities of each of the isolated fractions are shown graphically in 
Fig. 1, and the values for each of the four separate experiments, as well as 
the averages, are given. The data demonstrate that (1) in regenerating 
liver, as in normal liver, magnesium ions are much more effective in stimu- 
lating ATP-dephosphorylating activity than are calcium ions, and (2) the 
general pattern of distribution of such activity among the isolated fractions 
is the same in regenerating as in normal liver. 

Comparison of normal and regenerating liver may be made with either 
the activity or specific activity graphs, except for the ‘“‘nuclear fraction.” 
In that fraction the specific activity comparison is more valid, since the 
higher activity probably signifies only that a greater number of cells re- 
mained unbroken in the regenerating than in the normal liver. In the 
presence of calcium ions, the specific activities of regenerating liver were 
lower than those of its normal control liver in all fractions: 19, 10, and 10 
per cent in NF, Mt, and Mx, respectively, and 27 and 36 per cent in Mc, 
and Mee. However, with magnesium ions, only the microsome fractions 
showed decreases: 36 per cent in Mc, and 47 per cent in Mc. In the case 
of the mitochondrial fraction (Mt), the regenerating liver had a higher 
level of specific activity in one of the four experiments, a lower level in one, 
and essentially the same levels in two; hence the average values were not 
significantly different. Similarly, the average specific activities of the ‘‘nu- 
clear” and “mixed”’ fractions were not significantly different in regenerating 
and normal liver. 

The results obtained with ATP-1 and ATP-2 were essentially the same, 
except for somewhat higher levels of activities with ATP-1, in all fractions 
(except the ‘‘supernatant fluid’) with magnesium ions and in the mito- 
chondrial and nuclear fractions with calciumions. Earlier experiments (2), 
in which another ATP preparation was used, have not been reported here, 
since in the presence of calcium ions only 72 per cent of the homogenate 
activity was recovered in the isolated fractions. However, the data were 
similar to those shown in Fig. 1.4 


‘The average specific activity (two experiments) in the regenerating liver (66 to 
72 hours) was, for homogenate, 20 per cent less than that of the original liver with 
either magnesium or calcium ions; for the microsomes, with magnesium ions, it was 
72 per cent less; and for mitochondria, with magnesium ions, it was 10 per cent less. 
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FRACTION 


Fig. 1. ATP dephosphorylation by normal and regenerating liver of the rat. 
The graphs to the left show activity, expressed as micrograms of P liberated in 1 
hour by 1 mg. of tissue (wet weight); the graphs to the right show specific activity, 
expressed as mg. of P liberated in 1 hour by tissue containing 1 mg. of nitrogen. 
Upper graphs, without added bivalent ions; middle graphs, in the presence of 1 X 
10-? m CaCl; lower graphs, in presence of 1 X 107? m MgClse. Normal liver, 
solid symbols; regenerating liver, open symbols. Lines are drawn through the aver- 
ages, shown as larger circles; each of four experiments is shown by a different sym- 
bol. Q@and A, ATP-1; V and G, ATP-2. Levels of homogenate activities (micro- 
grams of P per mg. of tissue per hour), without added bivalent ions, @ 12.2, A 22.5, ¥ 
7.0, @ 11.0 (average, 13.2); O 7.4, A 20.0, V 8.9, 0 11.0 (average, 11.9); with CaCl, 
30.1, 37.8, 25.9, 26.1 (average, 30.0); 26.5, 29.5, 25.2, 21.8 (average, 25.8); with 
MgCl2, 71.9, 88.3, 60.0, 64.2 (average, 71.1); 63.4, 74.9, 56.8, 48.4 (average, 60.9). Re- 
coveries (in per cent of homogenate), without added bivalent ions, normal, 59, 73, 
65, 78 (average, 69); regenerating, 57, 68, 92, 77 (average, 74); with CaCls, normal, 
109, 105, 110, 103 (average, 107); regenerating, 118, 92, 103, 100 (average, 103); with 
MgClz, normal, 103, 90, 109, 98 (average, 100); regenerating, 107, 93, 108, 105 (aver- 
age, 104). 
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DISCUSSION 


The most significant feature of our data is the qualitative similarity of 
regenerating liver to normal adult liver. Whether growing rapidly or not, 
rat liver apparently has the same enzymatic machinery for dephosphory- 
lating ATP.§ 

It is difficult to evaluate the significance of the quantitative differences in 
ATP-dephosphorylating activities of the microsome fractions of regenerat- 
ing and normal liver. The specific activities of Mc; and Mcs, based on 
total nitrogen content, were approximately 30 per cent lower in the re- 
generating liver when calcium ions were present and 40 per cent lower when 
magnesium ions were present. From analyses of protein nitrogen on these 
fractions in two of the experiments (after the extraction of acid-soluble 
substances, lipides, and nucleic acids (8)), the same appears to be true 
when the specific activities were based on protein nitrogen rather than 
total nitrogen. These decreases in ATP-dephosphorylating activity may 
not be related at all to the rapid growth of the regenerating liver, but rather 
to factors like reduced food intake following surgery. Rosenthal et al. (12) 
have observed that after 2 weeks of protein depletion the livers of rats lost 
43 per cent of their original protein content and 50 per cent of their ATP- 
dephosphorylating activity. 

The ATP-dephosphorylating activity of the mitochondrial fractions was 
no lower in regenerating than in normal liver when magnesium ions were 
present. From the slightly lower values (10 per cent) when calcium ions 
were used, it cannot be concluded that a decrease in enzyme quantity had 
occurred. It has been observed (1) that with some ATP preparations 
calcium ions were unable to yield full recovery of the homogenate activity 
in the isolated fractions, whereas magnesium did so. We have also found 
that after repeated freezing and thawing ATP-dephosphorylating activity 
of liver homogenates becomes very much reduced when calcium ions are 
used, at a time when magnesium ions still yield the original levels of ac- 
tivity. 

Allard and Cantero (13) have recently reported experiments on the ATP- 
dephosphorylating activity of regenerating liver, using calcium ions as 
enzyme activator. They found the levels of activities in homogenates and 
isolated mitochondria to be much lower in regenerating liver than in nor- 
mal liver. On the 3rd day following partial hepatectomy the activity of 
homogenates had decreased by 47 per cent and the mitochondrial fraction 
by 71 per cent. These differences are much larger than those which we 
found, even with calcium ions as activator. Our average values for re- 

>In fetal liver, too, ATP-dephosphorylating activity is stimulated much more 


by magnesium than by calcium ions, and the largest share of activity is found in the 
isolated mitochondrial fraction (2). 
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generating liver, in the presence of calcium, were only 14 per cent lower in 
the case of homogenate and 22 per cent in the case of the isolated mito- 
chondria. The discrepancies between the two sets of data may be due to 
differences in the ATP preparations used. In our experience, commercial 
ATP preparations frequently contain considerable quantities of ADP and 
other phosphate esters which, under the conditions employed to test ATP 
dephosphorylation, are hydrolyzed at varying rates by different isolated 
intracellular fractions. On the other hand, it is possible that the discrep- 
ancies between the data of Allard and Cantero and our own may reflect 
differences in factors such as the extent of “labile protein” depletion in the 
animals (12). In the absence of nitrogen values, it is not known whether 
in their experiments the regenerating liver showed decreases in protein 
content paralleling the decreases in ATP-dephosphorylating activity. 

From what has been said earlier, it would appear that the quantitative 
levels of ATP-dephosphorylating activity of isolated fractions have con- 
siderably less significance when calcium rather than magnesium ions are 
used as activator (12, 14). It may be that the response of the enzymes to 
added bivalent ions is dependent upon delicately poised relationships which 
are altered during the isolation of fractions from the homogenate. These 
altered relations seem of importance when calcium ions are used for activa- 
tion, but of little significance when magnesium ions are employed. 


SUMMARY 


1. Intracellular fractions isolated from 0.88 m sucrose homogenates of nor- 
mal liver and rapidly growing liver after partial hepatectomy were analyzed 
for ATP-dephosphorylating activities without addition of bivalent ions and 
in the presence of magnesium and calcium ions. 

2. There were no essential differences between regenerating and normal 
livers in either (a) the relative stimulation of ATP-dephosphorylating ac- 
tivity by magnesium and calcium ions, or (b) the qualitative pattern of 
distribution of this activity among the isolated fractions. 

3. The quantitative levels of ATP-dephosphorylating activities in the 
microsome fractions of regenerating liver were lower than those of normal 
liver; in the mitochondrial fraction, when magnesium ions were present, 
the levels of activities were the same in regenerating and in normal liver. 

4, Differences in the effects of calcium and magnesium ions are discussed. 
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DISTRIBUTION DENSITY OF NUCLEOTIDES WITHIN A 
DESOXYRIBONUCLEIC ACID CHAIN* 


{ 
By CHRISTOPH TAMM,} HERMAN S. SHAPIRO, RAKOMA LIPSHITZ, ann 
ERWIN CHARGAFF 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York, New York) 


(Received for publication, December 13, 1952) 


The arrangement of individual nucleotides within calf thymus desoxy- 
ribonucleic acid (DNA) apparently has a very complex pattern (2). In 
order to gain more insight into the nucleotide sequence, DNA of calf 
thymus has been subjected to controlled chemical degradation. The first 
step involved the complete detachment of the purines by mild acid treat- 
ment and resulted in the formation of the apurinic acid (APA) (3). The 
further degradation of APA, which is the subject of this paper, made use of 
some of its characteristic chemical properties. In contrast to the behavior 
of the parent DNA, the treatment of APA with dilute alkali under mild 
conditions and even with a variety of buffer solutions gave rise to the rapid 
formation of dialyzable fragments and non-diffusible residues in well defined 
amounts. The course of this reaction, suggesting a certain similarity in the 
behavior of APA and of pentose nucleic acid toward alkali, and the com- 
position and properties of the degradation products were investigated. 
The results permitted definite conclusions with regard to the distribution 
of pyrimidine nucleotides within a DNA chain. 


EXPERIMENTAL 


Material—The specimen of calf thymus desoxyribonucleic acid used in 
the present studies was described in a previous publication (4) where it was 
listed as DNA, Preparation 4. For the experiments with pentose nucleic 
acid a preparation of pig liver ribonucleic acid (RNA), described previously 
(5) as Preparation L-2, was employed. Five preparations of apurinic acid 
served for the present studies. One of them, listed as APA, Preparation 2, 
was described, under the same designation, in a recent paper (4); the other 
preparations, obtained in the same manner (3, 4), had the composition and 
optical properties shown in Table I. 


* This work has been supported by research grants from the National Institutes 
of Health, United States Public Health Service, and from the Rockefeller Founda- 
tion. Some of its results were presented at the Second International Congress of 
Biochemistry in Paris, July 21-27, 1952 (1). 


+ Present address, Organisch-chemische Anstalt der Universitit, Basel, Switzer- 
land. 
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Methods 


Analytical Procedures—In general, the procedures listed in the corre- 
sponding sections of previous publications (3, 4) wereemployed. The color 
yield with diphenylamine, a measure of the desoxy sugar residues indicating, 
in APA and its further degradation products, the positions of the purine 
nucleotides of the original DNA, was determined with APA, Preparation 1 
as the standard. The chromatographic detection of 2-desoxyribose made 
use of procedures previously described (6, 7), as did the search for mono- 


TaBLe [ 
_ Composition of Apurinic Acid Preparations* 








Moles per mole P 


APA | Color yield -————---—_ Molar ratio, Ultraviolet 
preparation P \with diphe- | Total | | thymine to absorption 
No. nylaminet | Thy- | Cyto- pyrimi- cytosine maximumt 
| ad mine | sine i dite | 

| "per cont | per cont | q | re Me m | e(P) | e(NP) 

1 1075; | 2100, | 0: 28 | 0. 20 | 0.48 | 1.4 | 267 | 4800 | 10,200 

3 sh a | 106 | O. 275, 0.19 | | 0. 47 | 1.4 267.5 | 4800 | 10,200 

4§ 10.9 101 | 0.27 | 0.20 | 0.47 | 1.4 267.5 | 4850 | 10,400 

5 | 10.7 93 | 0.26 | 0.20 | 0.46) 1.3 267 4600 | 10,000 


24 The figures refer t to o the dey prep: ration, The moisture contents of Prepara- 
tions 1, 3, and 5 were 11.8, 7.9, 14.5 per cent respectively. 

t In these duherminations Preparation 1 was employed as the standard. 

te«(P) and e(NP) are the atomic extinction coefficients with respect to phos- 
phorus and nucleotide phosphorus respectively (3). The measurements were carried 
out in 0.2 m phosphate buffer of pH 7.3. 

§ This preparation was employed in the form of a dialyzed solution, freshly pre- 
pared from DNA. The analyses were performed on an aliquot of this solution 
from which APA had been recovered by lyophilization. 


nucleotides (8, 9). The presence of free aldehydo groups in the non- 
diffusible fragments was demonstrated by means of the Schiff reaction with 


the use of the reagent recommended by Feulgen and Rossenbeck (10). | 


Small cellophane bags (NoJax, Visking Corporation, Chicago) served for 
the dialysis experiments. 

Separation of Desoxyribonucleosides by Paper Chromatography?—The tech- 
niques were similar to those described previously (11, 12). Two new sol- 
vent systems proved useful. The first consisted of the upper layer of 

1 We are greatly indebted to Dr. W. E. Cohn, Oak Ridge National Laboratory, 
for the desoxyribonucleotides used as the reference compounds. 

2 We are very grateful to Professor A. R. Todd of the University of Cambridge 
for the desoxyribosides of adenine and uracil and to Dr. O. Schindler of the Uni- 
versity of Basel for those of guanine, hypoxanthine, thymine, and cytosine. 
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| n-butanol which had been saturated, at room temperature, with a mixture 
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| of 1 volume of concentrated aqueous ammonia and 4 volumes of water. 


The second system consisted of distilled water (13). Descending chro- 
matography in the first system for 20 to 24 hours permitted the solvent 
front to pass over the entire length of the sheet (46 cm.); in water, the 


Taste II 
Chromatographic Separation of Bases, Nucleosides, and Nucleotides 





| Relative Rp values* 




















| | 
Compound pores n-Butanol, | Fan 
with Water 0.6N NH; = acid-ammonium 
concentrated (6:1)t isobutyrate 
NH;-water (1:4); (pH 3.6)t 
BAGHING 55. socpatinc van aeanunsied 0.72 0.42 0.78 
| QUAIINON ech inet ees da ae 0.17 0.48 0.28 
iy poxAncbine 26. 5.5%:cnrnccvase 0.23 0.72 0.29 
(SUR OSENG eis s/c eS os ct Sarre egies 0.50 0.91 0.51 | 
[5.01 ne Mn Oa Pc 0.55 0.94 0.60 
UW RMN? 70.5% csc 75 one crea ereueiar a 1.02 0.88 1.08 
Adenine desoxyriboside........ 0.84 0.67 0.79 1.21 
Guanine Oe de a Vette ae 0.19 0.76 0.23 0.89 
Hypoxanthine desoxyriboside. . 0.19 0.94 0.22 0.94 
| Cytosine desoxyriboside....... 0.56 0.99 0.56 | Lait 
Uracil desoxyriboside.......... | 0.51 1.01 0.52 0.89 
Thymine CONS ORY. enn 1.00 1.00 1.00 | 1.00 
Desoxyadenylic acid......... | | 0.92 
Desoxygudanylio ‘ ......6..%. | | 0.49 
Desoxycytidylic “* ........:.. | | 0.74 
Desoxy-5-methyleytidylic acid. | | | 1.26 
Desoxythymidylic acid........, 0.61 
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: With the Rr of thymine desoxyriboside taken as 1.00. 
{ See Chargaff et al. (12). 
t See Magasanik et al. (8). 


| edge was reached within 2 to 3 hours in the descending or ascending ar- 
_tangement. The Ry values, relative to the position of thymine desoxy- 
| riboside, of the desoxyribose nucleosides and nucleotides and of the purines 


and pyrimidines in these and other solvents used previously for quantita- 
tive estimations (8, 9, 12) are listed in Table II. The absolute Rp of 
thymidine in distilled water was 0.83. For the separation of the desoxy- 
ribosides in the buffered isobutyric acid system a period of 15 hours was 
found convenient. 
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Degradation of Apurinic Acid by Alkali or Acid 


Degradation at pH 12.8 (Experiments 1 to 6)—The experiments were 
carried out at 0°, 25°, and 37°. Unless stated otherwise, lyophilized prep- 
arations that had not been dried further were employed. Aqueous 0.1 
per cent solutions of APA (Preparation 2) were adjusted to pH 12.8 by 
means of dilute NaOH and kept for 17 hours at 0° (Experiment 1) or at 
25° (Experiment 2). The solutions then were brought to pH 7.0 with n 
HCl and subjected to dialysis, with simultaneous vibration, against a 10- 
fold volume of distilled water at 4° for 24 hours. The dialysates collected 
at this stage served for the determination of the dialyzable fragments dis- 
cussed below. After additional dialysis for another 24 hours against fre- 
quent changes of ice-cold distilled water, the dialysis residues were re- 
covered by lyophilization. Their properties are summarized in Table III. 

The degradation experiments at 37° were performed with vigorous vibra- 
tion and simultaneous dialysis against a 10-fold volume of outside fluid 
which was distilled water of pH 5.9 in Experiment 3 (APA Preparation 3; 
0.2 per cent solution) and dilute NaOH of pH 12.8 in Experiment 4 (APA 
Preparation 1; 0.3 per cent solution), Experiment 5 (APA Preparation 4; 
non-lyophilized), and Experiment 6 (DNA; 0.2 per cent solution). In 
Experiments 4 and 5, the inside fluids turned slightly yellow after a few 
hours. The rates of formation of dialyzable total and inorganic phos- 
phorus were determined in aliquots withdrawn from the outside fluid at 
different times. The results are shown in Fig. 1. The figures given there 
as well as the balances presented in Tables III and IV are corrected for the 
amounts remaining in the dialysis bags or withdrawn in the aliquots. The 
dialyses were interrupted after 48 hours (Experiment 4), 63 hours (Experi- 
ments 3 and 6), and 76 hours (Experiment 5), and the dialysis residues were 
recovered after additional dialysis at 4°, as described before. The com- 
position of the non-dialyzable portions is summarized in Table IIT. 

The dialysates were neutralized immediately after their collection. The 
dialysate resulting from Experiment 1 (0°) showed no absorption in the 
ultraviolet region; the dialysates collected in Experiments 2 (25°) and 4 
(37°) exhibited maxima at 262 and 258 mu respectively. When these solu- 
tions, concentrated in vacuo at 30°, were chromatographed in solvent sys- 
tems suitable for the detection of nucleosides and nucleotides, several ad- 
sorption zones were observed, but identification was made difficult by 
interfering substances. 

Conclusive evidence of the composition of the dialysates was, however, 
obtained through chromatographic analysis following their lyophilization 
and hydrolysis with concentrated formic acid. In Experiments 2 and 4, 
cytosine and thymine in the amounts stated in Table III were found; no 
dialyzable nitrogenous constituents were encountered in Experiment 1. 
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The experimental error for these values was +2 percent. In addition, two 
faint spots corresponding to the small residual quantities of purines usually 
retained in APA preparations (3) were seen on the chromatograms. It is 
perhaps significant that not even traces of purines were encountered in the 
dialysis residues. The lack of a color reaction with diphenylamine indi- 
cated the absence from the dialysates of intact desoxy sugar, nor could 
reducing sugars be detected by the chromatography of concentrates. 

Complete balances covering the results of the degradation of APA at pH 
12.8 and partial balances of the control Experiments 3 and 5 will be found 
in Table III. 

Degradation by Strong Alkali (Experiments 7 to 10)—20 cc. portions of 
solutions containing 0.2 per cent of APA (Preparation 5) in 0.2, 0.5, 1, and 
2 N aqueous sodium hydroxide were incubated at 37° for 24 hours. During 
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Fig. 1. Degradation of APA at 37°. The amounts of dialyzable total P (solid 
lines) and inorganic P (broken line) (as per cent of P in the starting material) are 
plotted against the duration of treatment. The curves are numbered as the experi- 
ments in Table III, which lists the experimental conditions. 


this time they turned yellow and deposited a slight precipitate. The solu- 
tions were neutralized and dialyzed against running and ice-cold distilled 
water in the usual fashion, and the dialysis residues were recovered by 
lyophilization. Data on the composition of these fractions will be found 
in Table III. The residue remaining after the treatment with 2 Nn NaOH 
(Experiment 10) was found to contain a small amount of uracil, in addition 
to thymine and cytosine, doubtless produced by the partial deamination of 
the latter. 

Degradation by Acid (Experiments 11 and 12)—The experimental ar- 
rangement was identical with that described in the preceding paragraph, 
except that 1 and 2 N hydrochloric acid served as the solvents. The results 
are included in Table IIT. 


Stability of Apurinic Acid in Various Buffers 


Treatment at pH 8.6 (Experiments 13 to 22)—Solutions of APA (in gen- 
eral, 0.2 per cent) in 0.1 or 1 m buffer of pH 8.6 were incubated at 37° with 
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vigorous vibration and simultaneous dialysis against 8- to 15-fold volumes 
of the same buffer. The buffers were Veronal, borate, tris(hydroxymeth- 
yl)aminomethane (Tris buffer), and glycine. In many of the experiments 
the course of the reaction was followed by the periodic determination of 
dialyzable P in aliquots of the dialysates collected at regular intervals 
(Fig. 2); in almost all experiments the concentrations of total and inorganic 
P in the complete dialysates were measured (Table IV). The dialysis 
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Fig. 2. Stability of APA in various buffers, as measured by the rates of appear- 
ance of dialyzable total P (as per cent of P in the starting material). The curves 
are numbered as the experiments in Table IV, which lists the experimental condi- 
tions. 


residues were dialyzed and lyophilized in the usual manner. Their com- 
position, data on the recovery of P and pyrimidines, and other experimental 
details will be found in Table IV. The absorption characteristics in the 
ultraviolet of all dialysis residues collected in these experiments and in 
those described below were determined, but are not given here, since they 
were in general quite similar to those listed in Table IIT. 

Treatment at pH 6.9 (Experiments 23 to 25)—A similar series of experi- 
ments was carried out in 0.02 m borate and 0.1 tris buffers of pH 6.9. 
The experimental conditions were identical with those described in the 
preceding paragraph. The results are summarized in Fig. 2 with respect 
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to the course of liberation of dialyzable phosphorylated products and in 
Table IV with respect to the composition of the dialysis residues and to 
the recoveries. 






























































TaBLE IV 
Stability of APA in Various Buffers at 37°; Composition of Dialysis Residues and 
Balances* 
Dialysis residues Balancest 
Moles per mole P Phosphorus —— 
5 Color Molar | 
a Buff yieid % ra O, s 
oe a Oa 
& amine§} § | § B |cytosine| ‘g 25 | FE o@ be 
5 E| 2 |g§ 2 | 53/2 [8/3 
: E18\2 aja*| eles 
Fat per cent | 
13 | 0.1 m Vero-|8.6/10.1] 61 |0.34/0.26} 0.60) 1.3 | 33.7 | 72.6 | 106 .3/89 8/99 .4 
nal | 
14 | Same 8.6) 9.9] 62 |0.35]0.25| 0.60) 1.4 | 32.1 | 59.0 | 91.1/77.0/76.0 
15 | 0.1 m bo- {8.6} 9.7} 65 |0.36/0.26) 0.62) 1.4 | 32.2 | 56.0 | 88.2/75.0176.5 
rate 
16 | Same 8.6|10.4| 69 |0.35]0.26] 0.61) 1.3 | 29.3 | 59.7 | 89 .0/78 .5|80.0 
17 | 0.1 m Tris |8.6} 9.4; 37 |0.40)0.28) 0.68] 1.4 | 44.3 | 44.5 | 88 .8/64.0/66.0 
18 | Same 8.6} 9.2) 8 10.41/0.28) 0.69] 1.4 35.2 | 55.5/49.3 
19 | 0.1 m gly- |8.6) 9.9] 42 |0.41/0.31) 0.72] 1.3 | 40.5 | 49.7 | 90.2)74.5/79.5 
cine | 
20 | Same 8.6] 9.9] 40 |0.41/0.30] 0.71) 1.4 | 47.0 | 43.1 90.1/66.0/66.3 
21 | m glycine |8.6) 9.1) 11 |0.42)0.31] 0.73) 1.4 | 57.0 | 30.8 | 87.8|47.1|49.6 
22 | Same 8.6}10.0} 11 |0.42/0.30} 0.72) 1.4 | 50.5 | 37.9 | 88.4/59.0)58.5 
23 | 0.1m Tris |6.9| 9.5) 54 |0.38/0.27| 0.65) 1.4 | 49.3 | 44.3 | 93.6/60.5/63.5 
24 | Same 6.9) 8.6) 15 |0.45)0.30) 0.75) 1.5 | 27.5 | 47 .5/41.2 
25 | 0.02 m bo- |6.9/10.0} 87 |0.29/0.21) 0.50} 1.4 | 11.4 | 76.6 | 88.0|82.5/83.5 
rate | 








* The figures refer to the dry preparations. 

t+ APA Preparation 3 served as the starting material in Experiments 13, 15, 17, 
19, 21, 23, and 25; Preparation 5 in Experiments 18 and 24. The APA solution, an 
aliquot of which yielded Preparation 4 after lyophilization (see Table I), was em- 
ployed in Experiments 14, 16, 20, and 22. The treatment lasted 42 hours in Experi- 
ment 21; 65 hours in Experiments 23 and 25; 68 hours in Experiments 13, 15, 17, and 
19; 76 hours in Experiments 14, 16, 20, and 22; and 216 hours in Experiments 18 and 
24, 

t Per cent of constituent in starting material. 

§ With APA Preparation 1 as the standard. 


Comparison between Freshly Prepared and Lyophilized APA—The experi- 
ments described in the preceding sections included a comparison of the 
stability of APA freshly prepared as the dialyzed solution (Experiments 
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5, 14, 16, 20, 22) with that of APA that had undergone lyophilization 


(Experiments 4, 13, 15, 19, 21). 
Mg? ion have been presented previously (4). 


Similar studies regarding the effect of 


The freshly prepared solu- 





tions proved, in general, slightly more stable, as evidenced by a retarded 
rate in the appearance of phosphorylated fragments. (Compare Curves 
4 and 5 in Fig. 1 and Curves 21 and 22 in Fig. 2.) 

Controls (Experiments 26 to 29)—The stability of RNA in distilled water 
of pH 5.9, 0.1 m Veronal buffer of pH 8.6, m glycine buffer of pH 8.6 (Ex- 
periments 26, 27, 28, respectively) and that of DNA in m glycine buffer of 
pH 8.6 (Experiment 29), investigated in the manner described in the pre- 
ceding sections, are illustrated in Fig. 3. For purposes of comparison the 
behavior of DNA at pH 12.8, discussed before as Experiment 6 (Table III), 
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Fig. 3. Stability of DNA at pH 12.8 (Experiment 6), in m glycine buffer of pH 
8.6 (Experiment 29), and of RNA in distilled water (Experiment 26), in 0.1 m veronal 
buffer of pH 8.6 (Experiment 27), in m glycine buffer of pH 8.6 (Experiment 28). 


also is included. It will be seen that at pH 8.6 somewhat more than 10 
per cent of the RNA phosphorus was detached in a dialyzable form, that a 
small but noticeable effect was exerted on DNA at pH 12.8, and that no 
fragments were yielded by RNA in distilled water and by DNA at pH 8.6. 


Schiff Reaction 


APA itself gives an immediate strong coloration with the fuchsin reagent 
(3). The dialysis residues recovered after the treatment of APA with 
sodium hydroxide at pH 12.8 (Experiments 4 and 5) or with m glycine 
buffer of pH 8.6 (Experiments 21 and 22) did not show the Schiff reaction; 
those obtained in 0.1 m glycine buffer of pH 8.6 (Experiments 19 and 20) 
reacted very weakly. The treatment with Veronal or borate buffers (Ex- 
periments 13 to 16) resulted in residues giving a stronger color. The 
incubation at 37° of APA in glycine or Tris buffer of pH 8.6, but not in 
borate buffer, produced a rapid diminution or disappearance of the Schiff 
reaction. 
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DISCUSSION 


The DNA of calf thymus is a highly polymerized polynucleotide, or a 
mixture of such polynucleotides, of the “AT type” (7, 9). The molar 
ratios of adenine to guanine and of thymine to cytosine (plus 5-methyl- 
cytosine) are near 1.35; the sum of purine nucleotides equals that of pyrim- 
idine nucleotides; the ratios of adenine to thymine and of guanine to cyto- 
sine are not far from 1. If APA is an image of its parent DNA, one-half of 
its phosphorus should be accounted for by the pyrimidines (present in 
undistorted proportions), the other half by desoxyribophosphate units rep- 
resenting the positions originally occupied by the purines. This is borne 
out by the analyses (Table I). 

Estimates of the molecular weight of calf thymus DNA vary, less with 
the specimen than with the method of determination, from 820,000 (14) to 
7,700,000 (15). The number of possible permutations in the sequence of 
nucleotides (16) is decreased in partial degradation products of DNA. 
Preparations of APA have an average molecular weight of 15,000 (17). 
The “statistical polynucleotide” that is in accord with the composition and 
properties of the sodium salt of APA comprises 17 thymidylic acid residues, 
12 cytidylic acid residues, and 29 desoxyribophosphate residues (molecular 
weight 15,600; P 11.5 per cent; thymine 0.29; cytosine 0.21 mole per mole 
of P; ratio of thymine to cytosine, 1.4). It could exist in about 10% 
different combinations of its constituents. The degradation experiments 
have given no support to the view that APA is a mixture of a pyrimidine 
polynucleotide and of a polydesoxyribophosphate. 

The partial degradation of APA by dilute sodium hydroxide, demon- 
strated in Fig. 1 and in Table ITI, will be considered first. The formation 
of diffusible fragments stops with the detachment of about one-third of the 
original P, regardless of the temperature of the reaction. The dialysis 
residues show a significantly higher recovery of pyrimidines (as moles per 
mole of P) than is encountered in the original APA. Two-thirds of the 
phosphorus in the dialysis residues is present as pyrimidine nucleotide P; 
one-third is a remnant of the desoxy sugar phosphate P of the APA. The 
balances for the experiments at pH 12.8 (Table III) show that the dialysis 
residues comprised 15 out of the original 17 thymidylic acid residues and 
10 out of the original 12 ecytidylic acid residues (Experiments 2 and 4), 
but that of 29 desoxyribophosphate residues in APA only 14 (Experiment 
2) or 12 (Experiment 4) were retained. In the degradation at 0° (Experi- 
ment 1) a similar loss of sugar phosphate and no appreciable removal of 
pyrimidine nucleotides were encountered. The experiments with stronger 
alkali (Experiments 7 to 10) gave similar results; in no case were dialysis 
residues obtained that were composed exclusively of pyrimidine nucleotides. 
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It may be significant that these more energetic cleavage experiments led to 
a relatively greater loss of cytidylic than of thymidylic acids. Similar 
effects were observed with strong acid (Experiments 11 and 12, Table ITI). 

The non-dialyzable residues recovered in these experiments gave a much 
less intense or even no color with diphenylamine. This is only in part 
attributable to the removal of about one-half of the original sugar phos- 
phate residues; the color intensity was not proportional to the quantity of 
sugar phosphate retained and was not increased by treatment with dilute 
acid. The color test for dihydroxyacetone (18) was negative. The action 
of alkali, especially at an elevated temperature (compare Experiment | 
with Experiments 4 and 5, Table III), apparently results in a change in 
the structure of the desoxy sugar portion. For the same reason, the di- 
alysates failed to react with diphenylamine, nor could 2-desoxyribose be 
detected in them by chromatography (7). About one-third of the dialyz- 
able phosphorus was present as inorganic P (Fig. 1, Experiment 4) which 
must have been produced by a secondary hydrolysis of the desoxyribophos- 
phate or by the liberation of terminal phosphoric acid groups from the 
diffusible or non-diffusible fragments. Prolonged storage of APA at 37° in 
water at pH 5.9 also leads to the formation of a small amount of dialyzable 
products, but the composition of the residue remains that of APA (Experi- 
ment 3). There can be little doubt that the action of alkali on APA repre- 
sents a specific effect, reflecting typical structural features of the original 
DNA chain. 

The lability of a portion of APA toward alkali is reminiscent of the be- 
havior of ribonucleic acids. The mechanism of the quantitative cleavage 
of the latter to mononucleotides by alkali has been elucidated recently by 
Brown and Todd (19). In the view of these authors, the alkaline fission of 
RNA is preceded by the transitory formation of a cyclic triester of phos- 
phorie acid which links Ci.) and Cc3,) of one ribose molecule with C;;.) of 
the neighboring one. In a desoxypentose polynucleotide, whose structure 
is maintained by means of phosphoric acid bridges, no such unstable triester 
intermediates can form, owing to the absence of a free hydroxyl. Conse- 
quently, though depolymerization of DNA by alkali does occur, it stops at 
the polynucleotide stage. 

APA, which is broken, but only in part, by alkali, occupies a position 
intermediate between that of DNA and RNA. It may be assumed that in 
an aqueous solution of APA the desoxyribophosphate residues, derived from 
the purine nucleotides of the original DNA, are present in an equilibrium 
between the furanose and the free aldehydo forms. The readiness with 
which APA gives a positive Schiff reaction attests to the presence of alde- 
hyde groups. The percentage of free aldehyde, relatively very high even in 
p-ribose (20), has been shown to be further increased in the corresponding 
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2-desoxy sugar (21). To each formyl group in the APA chain will, there- 
fore, correspond a hydroxy group at C«-) which can take part in the forma- 
tion of a cyclic triester; this will be followed by the cleavage of the chain at 
the points where these triesters can arise, as indicated in the accompanying 
scheme which depicts the degradation of a portion of APA (I) through the 
intermediate II to III. Only carbon atoms carrying hydroxyls are shown. 
In structure I, (a) and (b) represent desoxy sugar phosphate residues in the 
aldehydo form, (c) and (d) pyrimidine nucleotide residues or desoxy sugar 
phosphates in the cyclic acetal form. The postulated end-products (III) 
are (a) fragments having a terminal desoxyribophosphate residue; (b) de- 
soxyribose-3- and 4-phosphates; and (c + d) fragments enriched in pyrimi- 
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dine nucleotide residues. The formulation of DNA as a polydiester of 
phosphoric acid has found strong support in the finding that APA consumes 
practically no periodic acid (17). If only one of the sugar hydroxyls were 
tied to phosphoric acid, as has latterly been suggested (22), APA should be 
readily susceptible to oxidation by HIQ,. 

If the purine nucleotide residues were distributed within the DNA chain 
in clusters small enough to be diffusible after being detached from the chain, 
the same arrangement would have to be true for the pyrimidine nucleotides 
which account for 50 per cent of the phosphorus. The experiments show 
this, however, not to be the case. APA must be presumed to consist of a 
series of nucleotides preponderantly composed of pyrimidine nucleotides, 
followed by a similar dense accumulation of purine nucleotides. The struc- 
ture of DNA that emerges from these experiments is that of a chain in 
which tracts of pyrimidine nucleotides alternate with stretches in which 
purine nucleotides predominate. Such a structure could, on the basis of the 








686 NUCLEOTIDE DISTRIBUTION IN DNA CHAIN 


work reported here, be formulated as ((Pui7Thy2Cy2)(ThyisCyioPtiz2)) n, in 
which the first part of the expression represents the portion sensitive to 
alkali, and Pu, Thy, Cy denote purine nucleotides, thymidylic, and cyti- 
dylic acids respectively. 

The treatment of DNA at pH 12.8 and 37° (Experiment 6) renders about 
3.5 per cent of the total P dialyzable. The composition of the depolymer- 
ized residue remains unchanged with respect to purines and pyrimidines, 
but the color yield with diphenylamine is slightly diminished (Table III), 
The nature and origin of the diffusible P are as yet unknown. These 
events may be associated with the observations of Lee and Peacocke (23) 
and Overend et al. (24) concerning the presence in DNA of alkali-labile 
phosphate linkages. They may also be related to the sensitivity of APA 
to alkali; the presence in the intact chain of very few non-glycosidic sugar 
phosphate residues in the aldehydo form would permit cleavage at these 
points. 

In contrast to the increase in the intensity of absorption in the ultra- 
violet accompanying the degradation of nucleic acids (3-5), the degradation 
of APA had no additional hyperchromic effect, when the computations were 
based on nucleotide P (Table III). A slight increase of the extinction 
coefficient was brought about by the treatment of intact DNA with alkali 
(Experiment 6, Table ITI). 

A partial degradation of APA is produced even at pH 8.6 and 37° (Table 
IV). Different buffers showed different effects (Fig. 2). Veronal and 
borate buffers gave identical results, which resembled those obtained by 
sodium hydroxide, except that the desoxyribophosphate residues, retained 
in a non-dialyzable form under these milder conditions, remained un- 
changed with regard to the color yield with diphenylamine and to the 
positive Schiff reaction. Pig liver RNA, though stable in distilled water, 
likewise underwent partial decomposition at pH 8.6 (Fig. 3). 

The course of the hydrolysis of APA was different in buffers containing 
primary amino groups, e.g., glycine or tris(hydroxymethyl)aminomethane. 
Augmented hydrolysis rates (Fig. 2) were accompanied by the production 
of dialysis residues containing a conspicuously high proportion of pyrimi- 
dine nucleotides (Table IV) and by the appearance, but only in glycine 
buffer, of considerable quantities of inorganic P in the dialysates. The very 
considerable diminution of reactivity with diphenylamine (Table IV) or 
with the fuchsin reagent points to an interaction between the aldehyde 
groups of the sugar moiety and the primary amino groups of the buffers. 
DNA was not affected by glycine buffer of pH 8.6; the rate of breakdown 
of RNA was similar to that noted in Veronal buffer of the same pH (Fig. 3). 

It may be mentioned that the experiments reported here lead to the ex- 
pectation that the DNA present in cytological preparations that were 
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treated under the conditions of the Feulgen nucleal reaction will show an 
intensified sensitivity to alkali. 

Attention may also be drawn to the description of procedures for the 
separation by paper chromatography of the desoxyribonucleosides from 
each other and from other products of DNA degradation (Table II). The 
solvent systems listed here, used in conjunction with those described in the 


literature (25-31), permit the resolution of almost all mixtures likely to be 
encountered. 


SUMMARY 


The degradation of apurinic acid (APA) by alkali or by various buffers 
leads to the formation of diffusible fragments and of a non-diffusible residue. 
The non-dialyzable fraction comprises about 85 per cent of the pyrimidine 
nucleotides, but only about 40 per cent of the non-glycosidic desoxyribo- 
phosphate residues present in the starting material. A portion of APA 
resembles, in its sensitivity to alkali, the ribonucleic acids, and the mech- 
anism of degradation is discussed in the light of what is known of the hy- 
drolytic behavior of RNA. The structure of calf thymus DNA proposed 
on the basis of these experiments is that of a chain in which tracts consisting 
principally of pyrimidine nucleotides are followed by stretches in which 
purine nucleotides predominate. Chromatographic systems permitting the 
separation of the desoxyribonucleosides from each other and from the 
desoxyribonucleotides also are described. 
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PHYSICAL AND CHEMICAL PROPERTIES OF THE APURINIC 
ACID OF CALF THYMUS* 


By CHRISTOPH TAMMft ano ERWIN CHARGAFF 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York, New York) 


(Received for publication, December 13, 1952) 


Some of the properties of apurinic acid (APA) have been discussed in 
the first publication on this subject (1). A number of additional observa- 
tions are described in the present paper. These include a study of the 
electrophoretic behavior of APA in the Tiselius cell, indicating that it 
migrates as a homogeneous substance, and an estimate of the average mo- 
lecular weight, about 15,000, from light scattering, sedimentation, and dif- 
fusion data. 

The preceding paper (2) and an earlier one (3) have dealt with the appli- 
cation of preparations of the type of APA to the study of the nucleo- 
tide sequence and other properties of calf thymus desoxyribonucleic acid 
(DNA). Some chemical studies bearing on the structure of APA itself 
are discussed here. The sugar released by the digestion of APA with 
intestinal phosphatase is shown to be identical with that present in DNA 
itself. ‘This finding confirms the inference (1) that the only event, in addi- 
tion to depolymerization, that takes place in the production of APA from 
DNA is the removal of the purines, leaving behind a chain comprising 
pyrimidine nucleotides and desoxyribose phosphate residues, the latter 
mostly in the free aldehydo form. The titration of APA with potassium 
bisulfite corresponded, in fact, to the consumption of 1 mole of KHSO; 
per mole of non-glycosidic sugar phosphate. 

Another result deserving attention is the stability of APA toward periodic 
acid. Only small amounts of oxidant were consumed even after prolonged 
contact. A rapid oxidation of a 3,4-diol or 4,5-diol would have been 
expected, if only one hydroxyl of each sugar phosphate residue had been 
esterified with phosphoric acid (4). In conclusion, a number of APA de- 
rivatives are described that make use of the presence of aldehyde groups. 


* This work has been supported by research grants from the National Institutes 
of Health, United States Public Health Service, and from the Rockefeller Founda- 
tion. 


+ Present address, Organisch-chemische Anstalt der Universitit, Basel, Switzer- 
land. 
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EXPERIMENTAL 


Starting Material and Analytical Procedures 


Four preparations of the sodium salt of APA, identical with those de- 
scribed previously (1-3) or closely resembling them in composition, were 
employed. The analytical procedures have been outlined before (1). 


Physical Properties 


The ultraviolet absorption characteristics of APA have been described 
previously (1-3), as have viscosity measurements ((3), p. 315). The elec- 
trophoretic behavior of several preparations was studied at 1.5° in a Tiselius 
cell. In all cases only one component was observed. A 0.2 per cent 
solution in 0.02 m sodium citrate buffer of pH 7.3 (0.15 m with respect to 
sodium chloride) and a 1 per cent solution in 0.2 m sodium acetate buffer 
of pH 5.0 both showed an ascending mobility of —11.9 and a descending 
mobility of —11.1 X 10-° cm volt sec.-t. A 0.33 per cent solution of 
another specimen in 0.02 m phosphate buffer of pH 7.4 (0.15 m with respect 
to NaCl) showed a mobility of —13.0 (ascending) and — 12.6 (descending). 
In very strong solutions, the ionic strength contributed by the APA itself 
caused the mobility on the descending side to be anomalously low; for 
instance, a 1.65 per cent solution in the phosphate buffer of pH 7.4 had a 
mobility of —12.0 (ascending), but only of —7.5 (descending).' 

Two estimates of the average molecular weight of APA are available. 
Dr. M. E. Reichmann had the kindness to perform light scattering meas- 
urements on an APA preparation that had been freshly prepared and on 
the calf thymus DNA that had served as the starting material. These ex- 
periments were carried out in the laboratory of Dr. P. Doty at Harvard 
University (see also Doty and Bunce (5)). Measurements of the APA 
sample gave a molecular weight (based on weight average) of 15,000. The 
molecular weight of the parent DNA was 5,300,000 + 10 per cent. Dr. 
A. G. Ogston of the University of Oxford kindly examined the behavior 
of the same APA specimen (0.5 per cent solution in 0.2 m sodium chloride) 
in the ultracentrifuge (see Cecil and Ogston (6)). He observed consider- 
able polydispersity ; the sedimentation constant (corrected to water at 20°) 
was s = 1.55 X 10-%. The diffusion constant (determined by Dr. D. H. 
Moore) was Doo = 5.4 X 10-7. When the partial specific volume of 0.55, 
found by Cecil and Ogston (6) for DNA, is assumed, the molecular weight 
of APA can be computed as 15,500. 


1We are very grateful to Dr. D. H. Moore for some of these measure- 


ments. Others were carried out by Miss P. L. FitzGerald. 
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Chemical Properties 


Salt Formation—When 0.2 to 0.8 cc. of the solutions of the various rea- 
gents was added to 0.5 cc. aliquots of 0.1 per cent aqueous solutions of 
DNA and APA, the following differences were observed. DNA yielded 
fibrous precipitates with cadmium acetate (20 per cent), lanthanum ace- 
tate (2 per cent), cerous nitrate (20 per cent), hexammine cobalt chloride 
(2.5 per cent), chloropentammine cobalt chloride (saturated solution), ce- 
tyltrimethylammonium bromide (0.5 per cent). Under the same condi- 
tions, APA yielded flocculent precipitates only with Cd++, Lat, and 
Cet++. A slight turbidity was produced by (Co(NHs3).)Cl; and by the 
cationic detergent. The formation of precipitates was prevented in the 
presence of ethylenediaminetetraacetate. 

Demonstration of Desoxyribose—The presence of intact desoxy sugar in 
preparations of APA was demonstrated by chromatography on filter paper 
of enzymatic digests by procedures similar to those applied previously to 
DNA (7). For purposes of comparison solutions of authentic 2-desoxy- 
ribose (kindly given us by Dr. W. G. Overend of the University of Birming- 
ham) and of the desoxy sugar released by calf thymus DNA were employed. 
The solvent systems and the development method have been described 
previously (7). Solutions of APA (0.5 to 0.8 per cent) in 0.1 m Verona] 
buffer of pH 6.9 to 7.0 (in some cases 0.007 m with respect to MgSQx,) 
were incubated with purified intestinal phosphatase at 37° for 22 to 48 
hours. After deproteinization with chloroform-amy] alcohol (3:1) one por- 
tion of the supernatant solution was chromatographed directly, and another 
after being heated at 100° for 12 minutes with dilute HCl of pH 1.5. DNA 
was similarly treated after a preliminary digestion with crystalline pan- 
creatic desoxyribonuclease. In agreement with its structure discussed in 
the preceding paper (2), APA, regardless of whether its digests were sub- 
jected to hydrolysis at pH 1.5 or not, yielded a sugar component identical 
in its chromatographic position in all solvents with 2-desoxyribose and with 
the sugar obtained from DNA. For the liberation of desoxy sugar from 
DNA the preliminary treatment at pH 1.5 was essential. 

Determination of Aldehydo Groups—The titrimetric method, first de- 
scribed by Ripper (8), was modified for the estimation of small amounts. 
A mixture of 10 cc. of a 0.2 per cent solution of APA in water and of 5 cc. 
of a 1.2 per cent aqueous solution of potassium bisulfite was kept for 1 hour 
at 25° and then titrated with a standardized 0.01 N iodine solution (in KI). 
If smaller amounts of aldehyde were expected, 0.6 per cent aqueous KHSO; 
was used. Water blanks were run at the same time. The P content of 
the substrate solutions was measured and the results, representing the 
average of several independent determinations, were expressed as moles of 
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KHSO; bound per gm. atom of P. No KHSO; was consumed by intact 
DNA. The value for APA was 0.52 mole of KHSO; per gm. atom of total 
P or 1.04 mole of KHSO; per mole of non-glycosidic sugar phosphate. 

Action of Periodic Acid—The customary techniques were employed (9, 
10). Each determination was performed on a 5 cc. aliquot of a 0.1 per 
cent aqueous stock solution of APA of exactly known P content. The 
samples were treated at room temperature with 10 cc. portions of accurately 
standardized 0.02 m aqueous HIO, (pH 1.4) or NaIQ, (pH 4.5) for different 
periods of time; 1 gm. of NaHCO; and 2 cc. of a 20 per cent KI solution 
were then added and the liberated iodine was immediately titrated with 
0.01 n sodium arsenite (oxidation with HIO,) or 0.005 n sodium arsenite 
(oxidation with NalIO,). No consumption of oxidant was recorded for 
intact DNA, and a very small uptake for APA. The results for APA, 
representing the average of several determinations, were as follows, ex- 
pressed as mole of oxidant consumed per mole of APA phosphorus (and, in 
parentheses, per mole of non-glycosidic sugar phosphate): with HIO, as 
the oxidant after 30 minutes, 0.11 (0.20); 16 hours, 0.16 (0.30); 28 hours, 
0.16 (0.30); 49 hours, 0.15 (0.28). Similar results were obtained with 
NalQ,: after 1 hour, 0.11 (0.20); 19 hours, 0.22 (0.41); 41 hours, 0.22 
(0.41). 

The dialysis residues, collected after the treatment of APA with alkali 
or acid, showed a somewhat larger consumption of NaIO,y. In Experiments 
7 to 12, listed in Table III of the preceding paper (2), the respective con- 
sumption of oxidant (as mole per mole of total substrate P) was, after 48 
hours, 0.62, 0.76, 0.51, 0.62, 0.55, 0.57. 

Action of Benzyl Mercaptan—Two types of mercaptylated derivatives of 
APA were prepared. To an intimate suspension of 100 mg. of APA in 2 
cc. of benzyl mercaptan at 0°, 0.5 cc. of concentrated HCl was added and 
the mixture agitated by vibration for 30 minutes at this temperature. 
After neutralization with 2 N ammonia and dilution with water, the mix- 
ture was extracted with chloroform and centrifuged. The chloroform lay- 
ers were reextracted with water. The combined aqueous phases together 
with some insoluble material that had collected at the interphase were 
dialyzed, and the filtered, slightly opalescent solution was evaporated in 
the frozen state, when Benzyl Mercaptal I was obtained as 107 mg. (mois- 
ture content, 7.4 per cent) of a colorless amorphous product (Table I). 

In another preparation, 100 mg. of APA, 400 mg. of freshly fused zine 
chloride, and 2 cc. of benzyl mercaptan were agitated by vibration, first at 
0° and then for 84 hours at room temperature, with the exclusion of mois- 
ture. The reaction mixture was taken up in chloroform and centrifuged 


2 The dibenzyl mercaptal of 2-desoxyribose is stable under these conditions (11). 
Its direct isolation from DNA has been described by Kent (12). 
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and the chloroform layer repeatedly washed with water; the washings 
together with the portion insoluble in chloroform were dialyzed, a small 
amount of insoluble material was removed, and Benzyl Mercaptal II (Table 
I) was recovered by lyophilization; it weighed 70 mg. (moisture content 
7.5 per cent). Both mercaptals gave a very faint Schiff test, but no 
aldehyde groups were found by titration with KHSO;. In contrast to 
Benzyl Mercaptal I, Benzyl Mercaptal II was readily soluble in water and 
completely resistant to alkali. Its stability and composition are in better 
agreement with its formulation as a hemiacetal. 


TABLE I 
Derivatives of APA* 





Total P accounted for as 





nucleotide — 
Compoundt P N S thymine 
Thy- | Cyto- to. 
native siie Sum | cytosine 











| 
per cent| P& | Pe | rer cont | per cent | per cent 
| 








cent | cent | 
1. APA, as starting material. ...... | 10.5 | 6.7 27.7 | 19.9 | 47.6 | 1.39 
2. Benzyl Mercaptal I............. | 7.2 | 5.5 | 8.3 | 32.8 | 23.4 | 56.2 | 1.40 
it “ |) Papers Medere | 7.2] 5.2] 5.2] 33.6 | 22.3 | 55.9 | 1.51 
Bi OMENS Yd 2-0 a tawat eee. Vane 7.4 | 7.7 25.7 | 14.5 | 40.2 | 1.77 
5. 2,4-Dinitrophenylhydrazone..... 8.7 | 9.0 











21.5 | | 

* The N (Dumas) and S determinations were performed by the Elek Micro Ana- 
lytical Laboratories, Los Angeles, California. 

+ In the following computation of the theoretical composition of the derivatives 
the first figure refers to a fully substituted APA, the second figure (not available 
for Compound 5) takes into account the P distribution actually found in the deriva- 
tive. Benzyl mercaptal (calculated as thioacetal), P 8.1, 8.2, N 4.4, 5.0, S 8.3, 7.5; 
benzyl mercaptal (calculated as hemiacetal), P 9.6, 9.6, N 5.2, 5.8, S 5.0, 4.4; oxime, 
P 11.2, 11.7, N 8.6, 7.7; dinitrophenylhydrazone, P 8.6, N 12.5. 





Action of Hydroxylamine—A solution of 99.3 mg. of APA and 500 mg. of 
hydroxylamine hydrochloride in 3.5 cc. of water was adjusted to pH 7 by 
the addition of solid KHCO; and a few drops of dilute KOH and kept at 
room temperature for 46 hours. Dialysis against tap and distilled water 
in the cold was followed by lyophilization, when 94 mg. (moisture content, 
9.4 per cent) of a colorless oxime were obtained (Table I). The product 
gave a faintly positive Schiff test. The consumption of 0.17 mole of 
KHSO; per mole of original non-glycosidic sugar phosphate indicated that 
83 per cent of the aldehydo groups had been converted to the oxime. The 
color yield with diphenylamine corresponded to 89.5 per cent of a standard 
APA. 


Action of 2, 4-Dinitrophenylhydrazine—When 300 mg. of 2 ,4-dinitrophen- 
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ylhydrazine in 55 cc. of 2.7 n HCl were added to a solution of 100 mg. of 
APA in 10 cc. of water, the reaction mixture immediately became turbid 
and soon deposited a yellow precipitate. After 16 hours at 0° the precipi- 
tate was removed by centrifugation, washed with water, and dried. The 
hydrazone (Table I) formed a yellow powder, weighing 81.5 mg., which 
gave no Schiff reaction and was only slightly soluble in water. The chro- 
matography of hydrolysates, prepared in the usual manner with concen- 
trated formic acid, permitted only the determination of cytosine; the posi- 
tion of thymine was overshadowed by a yellow component. 


We should like to thank Mr. H. S. Shapiro and Miss R. Lipshitz for 
excellent assistance. We are greatly indebted to Dr. P. Doty and Dr. M. 
KE. Reichmann of Harvard University, Dr. A. G. Ogston of the University 
of Oxford, and Dr. D. H. Moore of this University for making available to 
us the results of their measurements. 


SUMMARY 


After a brief discussion of several physical properties of the apurinic acid 
of calf thymus (electrophoretic behavior, sedimentation and light scattering 
measurements) a study of some of its chemical properties is presented which 
includes the chromatographic demonstration of the presence of desoxy- 
ribose, the determination of aldehydo groups, and a description of the 
action of periodic acid, benzyl mercaptan, hydroxylamine, and 2,4-dinitro- 
phenylhydrazine. 
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HATTIE E. ALEXANDER, anp ERWIN CHARGAFF 


(From the Departments of Biochemistry and Pediatrics, College of Physicians and 
Surgeons, Columbia University, and the Babies Hospital, 
New York, New York) 


(Received for publication, January 23, 1953) 


The observation that the electrophoretically separated, crude pentose 
nucleic acid fraction of Hemophilus influenzae, type b (2) was accompanied 
by immunologically active material led to an investigation of the proper- 
ties of the type-specific substance from this organism.! This substance was 
found not to be a polysaccharide, but a representative of what may be con- 
sidered a new class of natural high polymers in which sugars, in this case 
ribose, are linked to each other by phosphoric acid in diester linkage. The 
nucleic acids may be formulated as derivatives of this type of compounds. 
Owing to the great difficulty of securing sufficient material (less than 20 
mg. of the substance was available) the study of polyribophosphate is not 
complete, but its results are presented at this time because of the interest 
of the subject. 


EXPERIMENTAL 
Material 


Polyribophosphate from Extracts of Lyzed Cells—The preparation of ex- 
tracts of H. influenzae, type b, lyzed by means of sodium desoxycholate, 
and the treatment of the crude extracts have been described in a previous 
paper (2). At the stage, corresponding to fractionation Step 1 (2), the so- 
lutions were subjected to additional deproteinization (3); they were shaken 
four times, each for 12 hours, with } volume of chloroform-n-pentanol (3:1). 
In a typical experiment, 12 cc. of the resulting solution in 0.15 m aqueous 
sodium chloride, containing approximately 1 mg. of DNA per cc. and repre- 
senting the yield from 250 agar plates, were freed of PNA by three treat- 
ments with charcoal, $ volume of wet Norit A being used each time (4). 
DNA and PRP were recovered together in fibrous form by the addition of 


* This work has been supported by research grants from the National Institutes 
of Health, United States Public Health Service, and from the Rockefeller Founda- 
tion. A short note on the subject has appeared (1). 

1 The following abbreviations will be used: PNA for pentose nucleic acid, DNA 
for desoxypentose nucleic acid, PRP for polyribophosphate. 
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2 volumes of ethanol. The precipitate was dissolved in 3 cc. of 0.02 u 
sodium citrate buffer of pH 7.2 (0.15 m with respect to NaCl) and the 
solution dialyzed overnight in the cold against the 200-fold volume of the 
same solvent. The partial removal of DNA was accomplished by electro- 
phoresis or digestion with desoxyribonuclease. 

The electrophoretic separation (see Zamenhof et al. (2) for details) in the 
sodium citrate buffer of pH 7.2 was allowed to proceed for 90 minutes and 
the positions of the faster DNA and the slower PRP boundaries on the 
descending side were noted. The sections then were separated and the 
PRP fraction, present as the slower component (with a mobility of —10 x 
10-5 cm.? volt sec.—) in the descending area, was removed by suction in 
the usual manner. A substantial removal of DNA was thus effected, but 
the yield of PRP was relatively low and some contamination by DNA 
adhering to the cell walls did occur. For these reasons, the alternative 
method to be described next was found preferable. 

In the treatment with crystalline pancreatic desoxyribonuclease Mnt+ 
ion (5) served as the activator. An aliquot (6 cc.) of the crude solution in 
citrate buffer, containing 0.77 mg. of DNA per cc., was, instead of being 
subjected to the electrophoretic separation described above, treated with a 
solution of 0.2 mg. of desoxyribonuclease in 0.8 cc. of 0.01 M aqueous MnCl. 
The mixture was subjected to dialysis, with rocking, at 24° for 65 hours 
against two portions of 250 cc. of 0.05 m borate buffer of pH 7.2 (0.01 m 
with respect to MnCl.) and for 6 hours against 2 liters of distilled water. 
The total yield, corresponding to about 90 original agar plates, amounted 
to 440 y of ribose in the form of PRP. The quantity of purines and pyr- 
imidines amounted to less than 1 per cent of the ribose. 

Polyribophosphate from Culture Fluids—Two specimens of the type-spe- 
cific substance previously described (6) were available for examination? 
Both preparations were dialyzed with rocking for 24 hours against the 
1000-fold volume of ice-cold distilled water. 

Other Material—The 3- and 5-phosphates of ribose were prepared accord- 
ing to Albaum and Umbreit (7). The sugars and enzyme preparations 
employed were commercial products. 


Procedures 


Inorganic and total phosphorus were determined colorimetrically (8). 
Micromodifications of existing methods served for the estimation of reduc- 
ing sugars (9), uronic acids (10), ribose (11), and desoxyribose (12). The 
PNA content of solutions free of DNA was estimated spectrophotometri- 


2 We should like to thank Dr. C. F. C. McPherson and Dr. M. Heidelberger for 
permission to use this material (originally designated as Preparations B15 and B16). 
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cally with yeast PNA, Preparation 3 (13), as the standard. The immuno- 
logical techniques have been described previously (6). 

Titrations were carried out by an electrometric microprocedure in which 
0.002 ce. portions of 0.1 N acid or alkali were added, with thorough mix- 
ing, to 1 cc. of an approximately 0.25 per cent solution of the dialyzed 
starting material. 

The search for the presence of vicinal hydroxyls made use of periodate 
oxidation. Since the titration results were found to be vitiated by the 
presence of oxidizable impurities in the PRP preparations, the expedient of 
estimating the quantity of pentose remaining after the treatment with the 
oxidant was found useful. Mixtures consisting of 0.1 cc. of a solution 
containing about 190 y of sugar and of 0.1 ce. of a 0.01 m solution of sodium 
periodate in 0.1 N acetate buffer of pH 5 were kept at room temperature 
for 5 hours. Following the addition of 0.05 cc. of 9 per cent aqueous 
NaHCO; and 0.01 cc. of 20 per cent KI solution, the titration was per- 
formed in the usual manner with 0.01 N sodium arsenite. In the presence 
of oxidizable contaminants an excess (0.05 cc.) of the arsenite solution was 
added and aliquots of the mixture, diluted 20-fold, were used for the colori- 
metric determination of pentoses by means of orcinol. Another sample of 
the unknown, treated similarly, but with the omission of periodate, served 
as the reference standard. This permitted the estimation of the amount 
of pentose destroyed by the oxidant. The adequacy of this procedure was 
checked with several ribose nucleotides and nucleosides. 

The liberation of pentose as a function of the duration of hydrolysis was 
followed by the determination of the rate of color development with orcinol 
(11). The color intensity recorded after a heating period of 40 minutes 
was taken arbitrarily as 100 per cent. The test solution contained 40 y of 
PRP per cc.; the concentrations (as micrograms per cc.) of the reference 
substances, adenosine-3-phosphate, adenosine-5-phosphate, and pD-ribose, 
were 50, 50, and 13 respectively. 

The rate of release of phosphoric acid was measured at 100° in 0.5 N 
hydrochloric acid. 


Properties of Intact Type-Specific Substance 


The properties of the intact substance are summarized in Table I; the 
values represent the average of three determinations. The products, which 
contained practically no purines and pyrimidines, did not dialyze through 
a cellophane membrane and appeared to be stable when stored in the cold 
for a long period. The reaction for desoxy sugar with diphenylamine was 
negative; pentose and organic P were present in equimolar quantities; sec- 
ondary phosphate groups were practically absent; no reducing power was 
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detected ; nor was a diminution of the pentose content noted after treatment 
with sodium periodate. 

Preparations from lyzed cells and from culture fluids gave identical re- 
sults when examined for the properties listed in the preceding paragraph 
and also for the nature of their sugar constituent. All the other studies de- 
scribed in the following were performed with specimens isolated from cul- 
ture fluids. 


Tasie I 
Properties of Intact PRP and Alkaline Hydrolysis Product 




















Phosphorus Ribose 
Rela: 
PRP eee ee eae a eee 
| \ | ribose, mo- 
| Secondary . | Loss after lar ratio 
Inorganic | Organic poe Total a | periodate 
atom P | oxidation* 
| per cent | per cent | per cent 
WECOOET os etcececsc! | ORE OST <0.05 | 45.5 <0.01 | 0O 1.08 
After treatment with | 
BIKALIT ...soccvesas a. «| <Ol02 0.9 | <0.01 | 0.17 1.07 











* As mole per mole of ribose. 

+ Almost free of ultraviolet-absorbing material, desoxy sugar, and uronic acids 
(see the text). These determinations were carried out before dialysis, except for 
the titration. 

¢ These determinations were carried out on the dialysate (98 per cent of the 
original ribose) after the preparation had been kept at 30° for 16 hours, neutralized, 
and dialyzed for 45 hours. 


Nature of Sugar Component 


The absorption spectra obtained with orcinol, phloroglucinol, or cysteine 
(14) were identical with those given by ribose. No indications of the 
presence of methylpentoses (15) or uronic acids (10) were obtained. The 
sugar component was identified by the chromatography of hydrolysates on 
filter paper. The aliquot of the sugar solution put on paper was 0.001 ce. 
and contained about 10 y of sugar. Three solvent systems were employed: 
(a) n-butanol saturated with water; (b) the upper layer of a mixture of 
n-butanol, ethanol, and water (4:1:5 by volume); (c) the butanol-pyridine 
system described previously ((16) p. 70). After chromatography the ad- 
sorption zones were developed by means of m-phenylenediamine (16) or 
orcinol. When treated with the latter reagent, the papers were kept at 
85° for 10 to 15 minutes; pentoses appeared as blue-violet spots. Pro- 
longed periods of separation and the application of very small volumes of 
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sugar solution permitted the separation of sugars as near to each other in 
their partition behavior as ribose and lyxose. 

The hydrolysates of the type-specific substance revealed only one spot 
which migrated with a velocity higher than that of arabinose, xylose, and 
lyxose, but equal to that of ribose. When the relative R, values found in 
butanol-water for the sugar released from PRP were compared with those 
given by ribose (duration of chromatography 67 hours), the following re- 
sults were recorded (with the relative R, of ribose in parentheses) : unknown 
to arabinose, 1.42 (1.47); unknown to xylose, 1.27 (1.27); unknown to 
lyxose, 1.15, 1.12 (1.12). The conclusion that the unknown sugar was ri- 
bose was confirmed by the chromatography of its mixture with one of the 
pentoses: two spots were obtained in the presence of arabinose, xylose, or 
lyxose; only one spot on admixture of ribose. Similar results were obtained 
in the other solvent systems, but they were less suitable for the distinction 
between the unknown sugar (or ribose) and lyxose. In the butanol-pyri- 
dine solvent, for instance, the relative Rp values, in the order given above, 
were 1.27 (1.3), 1.07 (1.07), 1.02 (1.08). 

Another attempt at the identification of the sugar by a microbiological 
method failed. A strain of Staphylococcus aureus that was able to bring 
about a noticeable fermentation of D-ribose (in a 1 per cent solution), but 
not of the other pentoses, did not ferment the neutralized hydrolysate (40 
minutes, 100°, 0.5 N HCl) of the type-specific substance. Since, however, 
the fermentation of authentic ribose was inhibited in the presence of this 
hydrolysate, unknown factors may have operated. 


Hydrolysis 


For the mild alkaline hydrolysis the 0.2 per cent solution of PRP was 
adjusted to pH 13 by the addition of sodium hydroxide and kept at 30° for 
16 hours. The acid hydrolysis of a 0.2 per cent solution of PRP in 0.5 Nn 
hydrochloric acid was performed either under mild conditions at 25-30° or 
vigorously at 100° for various periods. 

In its behavior to alkali, PRP resembled PNA: it was almost completely 
degraded to dialyzable fragments (Table I). The rate of dialysis of the 
neutralized alkaline hydrolysate was slightly slower than that of yeast 
adenylic acid. Its chromatographic behavior, indicating the presence of 
one component, was studied in isobutyric acid saturated with water (17) or 
in n-propanol saturated with ammonia (18). In the latter solvent the 
unknown component occupied a position on the chromatograms interme- 
diate between that of the two ribophosphates with which it was compared; 

*PRP preparations purified by electrophoresis yielded, on treatment with alkali, 


dialysates whose ultraviolet absorption indicated that less than 3 per cent of their 
pentose contents was attached to purines and pyrimidines. 








700 POLYRIBOPHOSPHATE 


the relative Rr values were ribose-5-phosphate, 77; unknown, 100; ribose-3- 
phosphate, 118. 

As will be seen in Table I, the treatment with alkali cleaved approxi- 
mately one ester link per phosphoryl] residue which, however, still remained 
attached to the pentose. The fragments still were non-reducing and al- 
most entirely resistant to attack by sodium periodate. 

The mild acid hydrolysis of PRP (0.5 n HCl, 25°) also led to dialyzable 
fragments. A brief treatment (2.5 minutes) failed to release any inorganic 
phosphate or reducing sugar; even by prolonged acid hydrolysis (25 hours) 
of the intact PRP or of the product of its alkaline hydrolysis, almost no 
inorganic P and little reducing sugar were liberated, although the appear- 








TaBie IT 
Mild Acid Hydrolysis of PRP* 
Phosphorust Riboset 
Duration of hydrolysis Se 
: Secondary phos- Reducing | Loss after perio- 
Inorganic phoryl group sugar date oxidation 











- Mined 








0.04 0 0 

11 0.009 0.17 

25 0.043 0.9 0.26 0.22 
125 0.413 0.77 | 








* The hydrolysis was carried out in 0.5 N HCl at 25°, with the exception of the 
last experiment (125 hours), which was performed at 30°. 

+ As gm. atom per gm. atom of total P. 

t As mole per mole of ribose. 


ance of secondary phosphoryl groups could be demonstrated (Table II). 
The great lability of ribose-1-phosphoric acid to acids (19) excludes the 
presence of this link in PRP. Moreover, the rate at which reducing sugars 
were liberated exceeded considerably that of the release of inorganic P. 
The quantity of pentose susceptive to attack by periodate was similar to 
that present as reducing sugar. 

When a more vigorous treatment with acid (0.5 n HCl, 100°) was applied 
to PRP, the reducing sugar (calculated as ribose) liberated amounted after 
2 minutes to 12.8 per cent and after 20 minutes to 66.4 per cent of the 
pentose present in the starting material. 

In view of the likelihood, deduced from the behavior of PNA (20), that 
the fragments produced by the cleavage of PRP by alkali or acid carried 
the phosphoric acid ester at C2) or Cy) rather than at C«), PRP was com- 
pared with the available adenylic acids in respect to the rates of color de- 
velopment with orcinol (Fig. 1) and of inorganic P formation by acid (Fig. 
2). It will be seen that the hydrolysis products behaved similarly to the 
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3(2)-nucleotide. The absence of appreciable amounts of 5-phosphates is 
also borne out by the failure of the fragments to be oxidized by NaIQO, and 
by their resistance to the action of 5-nucleotidase, as mentioned below. 


Enzymatic Degradation 


Intestinal phosphatase (0.1 m glycine buffer, pH 8.5, 37°) failed to de- 
phosphorylate intact PRP, but brought about the almost complete dephos- 
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Fie. 1. Color development with orcinol by PRP (Curve A), adenosine-3(2)-phos- 
phate (Curve B), adenosine-5-phosphate (Curve C), and p-ribose (Curve D). The 
absorption intensities at 660 my (as per cent of maximal extinction) are plotted 
against the duration of the treatment at 100°. 

Fig. 2. Formation of inorganic phosphate by acid hydrolysis (0.5 n HCl, 100°) 
of PRP (Curve A), adenosine-3(2)-phosphate (Curve B), and adenosine-5-phosphate 
(Curve C). The amounts of phosphoric acid liberated (as per cent of the total) are 
plotted against the duration of the hydrolysis. 


phorylation of the fragments produced by the alkaline cleavage of PRP. 
After incubation for 18 hours, only 4 per cent of the phosphorus was re- 
leased as inorganic P from PRP, but 95 per cent from the alkaline hydrol- 
ysate. An acid hydrolysate, treated similarly, yielded 76 per cent of its 
P as phosphoric acid. Even after enzymatic dephosphorylation the alka- 
line hydrolysate contained only 15 mole per cent of reducing sugar; chro- 
matography in butanol-water revealed one component with an R, value 
relative to ribose of 0.18, occupying a position similar to that of sucrose. 

Russell’s viper venom, which is known to contain a 5-nucleotidase (21), 
had no effect on intact PRP or on the product of its alkaline hydrolysis. 
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The incubation was carried out at 37° in 0.1 m glycine buffer of pH 8.5 
for 22 hours. 

Taka-Diastase (0.01 m acetate buffer, pH 4.55, 37°, 24 hours) liberated 
no reducing sugars from either PRP or the phosphorylated degradation 
products of its alkaline hydrolysis. 

For the treatment with crystalline pancreatic ribonuclease 0.15 cc. of a 
solution containing 375 y of PRP was added to 0.18 ce. of 0.2 m borate 
buffer of pH 7.6 containing 1.8 mg. of the enzyme. The mixture was 
placed in a small cellophane bag and subjected to a rocking dialysis at 23° 


%o 
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SS SS ee eee 
HRS+ 20 40 60 80 100 
Fig. 3. Degradation of PRP and PNA by crystalline ribonuclease. The quan- 
tities, as per cent of the original substrates, rendered dialyzable (measured by the 
orcinol reaction) are plotted against the duration of the treatment. 


against 3 cc. of the borate buffer for 24 to 96 hours. In one control experi- 
ment yeast PNA was treated similarly; in another PRP was subjected to 
the same dialysis conditions, but with the omission of the enzyme. In 
all experiments the quantity of pentose in the dialysates was estimated 
periodically by means of the orcinol reaction. As will be seen in Fig. 3, 
evidence of a slow degradation of PRP to dialyzable fragments was ob- 
tained. Furthermore, the incubation of PRP with ribonuclease for 96 
hours brought about the loss of immunological activity. 


DISCUSSION 


H. influenzae, type b, which can be separated from both the DNA and 
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PNA fractions present in the microbial extracts, is a polymer of ribose 
phosphoric acid. The identification of the pentose must be considered as 
tentative, since it was based solely on chromatography on filter paper. In 
two of the three solvent systems employed lyxose occupied a position that 
was rather near that of ribose. The phosphoric acid ester bridges connect- 
ing the pentose residues apparently do not involve Cq) of the sugar. One 
of the phosphoric acid links is stable to mild treatment with acid or alkali; 
it is probably located on the 3rd or 2nd carbon atom of the sugar. The 
second phosphate link is broken by alkali or acid, and, if the sugar is as- 
sumed to have the furanose form, this link is probably situated at C@). 
In view of the close resemblance of the postulated structure to that of 
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PNA, recent considerations of the mechanism of the hydrolysis of the 
latter (20) may also apply to PRP. It is noteworthy that crystalline 
ribonuclease has been found to effect a slow breakdown of this substance. 

PRP is non-reducing; it is degraded by alkali to dialyzable phosphoryl- 
ated fragments which have remained non-reducing. The experimental 
evidence, though not sufficient, makes it appear likely that PRP has the 
structure indicated in the accompanying scheme. It will be seen that the 
substance is formulated as a polyribophosphate chain, connected by 3:5- 
phosphoric acid ester bridges, to which a second similar chain is linked in 
1:1’-glycosidic linkages. The product of alkaline or mild acid degradation 
is, therefore, to be regarded as a disaccharide-3 ,3’-diphosphate which after 
enzymatic dephosphorylation leaves behind a 1,1’-ribose riboside. It can- 


' _ not yet be said whether PRP has a branched structure (with side chains 
ce of | 


branching off in the 2 or 3 position or in the form of tertiary phosphates), 


| nor can the structural reasons for its immunological activity be stated. 
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Speculations on the possible réle of PRP, e.g. by enzymatic phosphorol- 
ysis, in the formation or the breakdown of PNA should be deferred until the 
optical configuration of its pentose moiety is known. It may be pointed 
out that substances of the type of PRP sometimes may have been over- 
looked by having been classified, on the basis of pentose reactions, among 
the PNA fractions of the cell. 


SUMMARY 


The study of the immunologically active, type-specific substance of He- 
mophilus influenzae, type b, has given indications that this material con- 
sists of a polyribophosphate chain as it exists in pentose nucleic acids, in 
which the place of the purines and pyrimidines is occupied by a second 
similar chain, linked to the first in 1:1’-glycosidic linkages. 
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STUDIES IN OXIDATIVE PHOSPHORYLATION WITH 
RADIOACTIVE PHOSPHATE 


I. EXCHANGE OF PHOSPHATE IN AN ACCEPTOR-FREE SYSTEM* 


By KWAN-HUA LEE anv JOHN J. EILER 


(From the College of Pharmacy, University of California, San Francisco, California) 
(Received for publication, December 16, 1952) 


The usual procedure (1) in measuring the rate of phosphorylation as- 
sociated with the oxidation of a given substrate in tissue homogenates 
involves some uncertainty as to the extent to which phosphate incor- 
porated into ATP! escapes transfer to a suitable acceptor and, instead, 
is returned to the enzyme system as inorganic phosphate. Ochoa (1), for 
example, has pointed out that, even in the presence of high concentrations 
of fluoride, adenosinetriphosphatase competes with the enzymes catalyzing 
the transfer of phosphate from ATP to an acceptor. Ogston and Smithies 
(2), on the other hand, do not accept this possibility. 

In an effort to study the partition of phosphate among the several 
paths open to the transfer of phosphate from ATP, we have used radio- 
active phosphate to study the exchange between inorganic phosphate and 
labile phosphate of ATP in rat brain homogenate during the oxidation of 
substrate. The extremes of the difference in the paths open to the labile 
phosphate of ATP can be observed by comparing the exchange of phos- 
phate both in the presence and in the absence of glucose as phosphate 
acceptor. Studies have been carried out under both conditions; however, 
only the studies in the absence of a phosphate acceptor will be presented 
here. In the acceptor-free system it is possible to calculate a P:O value 
that takes into account any labile phosphate of ATP that is returned to 
the system as inorganic phosphate. 

For reasons to be given later, all studies were carried out in the presence 
of pentobarbital. The apparent simplicity of the phosphate exchange in 
the acceptor-free system, together with our interests in the mechanism of 


* This investigation was supported in part by a research grant from the National 
Heart Institute of the National Institutes of Health, United States Public Health 
Service. 

Preliminary reports of several aspects of this work have appeared (Abstracts, 
American Chemical Society, 117th meeting (1950); Federation Proc., 11, 246 (1952)). 

1The following abbreviations are used: ATP, adenosinetriphosphate; ADP, 
adenosinediphosphate; P;, the terminal phosphate of ATP; Pe, the terminal phos- 
phate of ADP; P;, inorganic phosphate; DNP, 2,4-dinitrophenol; P:0, micromoles 
of inorganic phosphate esterified per microatom of oxygen consumed. 
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action of drugs (3), prompted a study of the effects of 2 ,4-dinitrophenol 
upon the rates of exchange. 


EXPERIMENTAL 


Preparations—ATP, as the barium salt, was isolated from rabbit muscle 
according to a modification of the method of Dounce et al. (4). ATP 
labeled with radioactive phosphate (ATP*?) was isolated from rabbit muscle 
according to the above procedure, except that radioactive inorganic phos- 
phate was removed by several precipitations in the presence of inert phos- 
phate. The ATP* had a specific activity which ranged from 2.7 x 10! 
to 4.2 X 10° counts per uM per minute. ADP was prepared according to 
a modification of the procedure recommended by Bailey (5). Adenylic 
acid and sodium pyrophosphate were from commercial sources. Each con- 
tained inorganic phosphate which was taken into consideration in the use 
of these substances, Myosin crystallized four times was prepared from 
rabbit muscle according to Szent-Gyoérgyi (6) and myokinase according to 
Kalckar (7). Potato apyrase was prepared according to Lee and Eiler (8), 
Rat brain homogenate was obtained as follows: each gm. of the cerebral 
hemispheres was ground in a Potter-Elvehjem type all-glass homogenizer 
with 2 ml. of a solution consisting of equal volumes of 0.15 m potassium 
chloride and 0.06 m magnesium chloride at 0°. The homogenate was then 
centrifuged at 1000 X g for30 seconds and the supernatant liquid, including 
an intermediate viscous zone, was decanted and stored at 0° for 2 hours. 

Methods—Inorganic phosphate was determined according to Fiske and 
Subbarow (9); samples for the determination of total phosphate were 
treated according to the procedure recommended by LePage (10). The 
labile phosphate of either ATP or ADP was estimated from the increase in 
inorganic phosphate due to hydrolysis of either substance. Acid hydroly- 
sis was carried out in the usual fashion in 1 N sulfuric acid at 100° for 10 
minutes. Hydrolysis with potato apyrase was carried out according to 
Krishnan (11). In the use of myosin or a mixture of myosin and myokinase 
for the hydrolysis of ATP we were guided by the studies of Kalckar (7, 12). 
The details of the conditions for the enzymic hydrolyses are given in Table 
II. The measurements for radioactivity were made through the use of 
commonly accepted procedures (13). All counts given are those actually 
obtained with the geometry existing in our counting apparatus. Sufficient 
impulses were counted to reduce the error in counting to 1 per cent or less. 

Specific Activity of Inorganic Phosphate and Labile Phosphate of AT P—In 
order to study the rate of exchange between inorganic phosphate and the 
labile phosphate of ATP, it was necessary first to develop a procedure 
which would permit the determination of the specific activity of each 
without contamination (14-16) by the other. 
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When magnesia reagent was used according to the procedure of LePage 
(10) to precipitate the inorganic phosphate present in 3 ml. of a 14 per 
cent solution of trichloroacetic acid containing 3 um of ATP**, it was 
learned that the extent of coprecipitation increased from 2 per cent in the 
presence of 3 uM of inorganic phosphate up to 46 per cent in the presence 
of 25 wm of inorganic phosphate.2 The extent of coprecipitation was 
evaluated by determining the radioactivity remaining in the supernatant 
liquid. 

From these and other studies it was learned that when only 2 or 3 uM 
of magnesium ion are added to 5 ml. of a neutralized solution which con- 
tains inorganic phosphate and ATP and which is 1.5 n with respect to 
ammonium hydroxide there was observed the precipitation of nearly an 
equivalent amount of inorganic phosphate with little or no coprecipitation 
of ATP**. After the precipitate has been permitted to agglomerate, it 
may be packed by centrifugation and the precipitation procedure repeated 
a desired number of times. 

In our experience the magnesium is best added as a 0.026 m solution of 
magnesium chloride containing 2 per cent of ammonium chloride. Un- 
fortunately, 5 ml. aliquots of the trichloroacetic acid extracts of the rat 
brain homogenates obtained from the experiments to be reported contained 
more magnesium than the maximal permissible amount compatible with 
the above precipitation procedure. In order to reduce the magnesium to 
an acceptable level, the trichloroacetic acid extracts were first passed 
through a column (5 mm. inside diameter) filled with 2.0 gm. of moist 
Duolite C-3. Prior to use, the Duolite was charged with ammonium ions. 
In this manner divalent cations were removed almost completely without 
loss of either inorganic phosphate or ATP. 

In the procedure finally adopted an aliquot, usually 5 ml. of the tri- 
chloroacetic acid filtrate, was passed through the column of Duolite C-3, 
and the effluent, together with the washings (1 to 2 ml.), cautiously neu- 
tralized with ammonium hydroxide at 0°. The solution was then made 
1.5 N with respect to ammonium hydroxide and 0.1 ml. of the modified 
magnesium reagent added. The precipitate was permitted to agglomerate 
(10 minutes at room temperature and 2 hours at 0°) and packed by cen- 
trifugation. When larger amounts of inorganic phosphate were required 
the precipitation procedure was repeated one or more times. 

The accumulated precipitate was then washed twice with 1.5 N ammo- 
nium hydroxide containing 2 per cent ammonium chloride and dissolved in 
3 ml. of 0.1 N sulfuric acid. The phosphate was precipitated a second time 

* Likewise, the precipitation of ATP by use of mercuric, calcium, and barium 


ions, or acridine, with careful control of pH, led in all cases to considerable coprecip- 
itation of inorganic phosphate. 
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and the precipitate taken up in 15 ml. of 0.1 N sulfuric acid. Aliquots of 
the latter solution were used for the determination of inorganic phosphate 
and radioactivity. The specific activity of the inorganic phosphate was 
calculated from these data. 

Evidence for the effectiveness of this procedure is given in Table I. 
20 ml. of a trichloroacetic acid extract of rat brain homogenate, prepared 
as described later, and containing approximately 89, 7, and 43 um of inor- 
ganic phosphate, ATP, and magnesium ion, respectively, were passed 


TABLE I 
Precipitation of Inorganic Phosphate in Presence of ATP? 

4 ml. portions of the Duolite-treated trichloroacetic acid extract (see the text) 
were subjected to the precipitation procedure described. Tube 1 received no mag- 
nesium. Tubes 2, 3, and 4 received one or more additions of the diluted magnesium 
reagent (each addition supplied 2.6 um of magnesium chloride), the precipitate be- 
ing permitted to agglomerate after each addition. Tube 5 received 13 um of mag- 
nesium chloride at one time. Inorganic phosphate and the radioactivity remaining 
in solution (in per cent of control) were determined in the final supernatant solu- 
tion. 

















Remaining in solution 
Tube No. a Magnesium added 
Inorganic phosphate | ATP2 
= d | per cent BM 
Control 440 | 100.0* 
1 440 | 100.2 None 
2 332 | 100.2 | 1 X 2.6 
3 166 | 98.7 3X 2.6 
4 30 98.7 5 X 2.6 
5 39 | 71.3 13.0 








* In all cases sufficient impulses were counted to yield a standard deviation of 
+:1.1 per cent (13). 


through the Duolite column and the volume brought to 25 ml. with wash 
water. 4 ml. portions of the effluent were used in the studies in which the 
results are given in Table I. 

The specific activity of the labile phosphate of ATP and ADP was de- 
termined as follows: The radioactive inorganic phosphate present in 15 
ml. of the trichloroacetic acid extract was removed by repeated (three 
to four times) precipitation in the presence of added inert inorganic phos- 
phate (450 7), according to a modification of the procedure used by Friedkin 
and Lehninger (15). The final supernatant solution contained most of the 
original ATP* and some inert inorganic phosphate. The labile phosphate 
was liberated either by acid hydrolysis or through use of potato apyrase 
or myosin, depending upon circumstances which will be considered later. 
The specific activity of the liberated phosphate was then determined by 
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the procedures already given, the inert phosphate present prior to the 
hydrolysis of ATP being taken into account. 

Rate Law—The general plan of the experiments involving the use of 
radioactive phosphate was such that the rate of esterification of inorganic 
phosphate during the oxidation of substrate was calculated from data rela- 
tive to the exchange of inorganic phosphate and the labile phosphate of 
ATP by use of a suitable rate law. 

Experiments vere carried out, in the absence of glucose, to establish 
the basis for the derivation of a rate law for the acceptor-free system. In 
these and other experiments reported here, each ml. of the reaction mix- 
ture contained, in addition to 0.5 ml. of the rat brain homogenate, the 
following substances in micromoles: ATP, 2; inorganic phosphate, 6 to 10; 
sodium fluoride, 32; magnesium chloride, 10; potassium chloride, 34; glu- 
cose, 0 or 22; sodium succinate, 60; pentobarbital, 3.7; and 2 ,4-dinitro- 
phenol, 0 or 0.01. The inorganic phosphate was added as a solution of 
pH7.4. Pentobarbital was added in the above amounts to limit the oxida- 
tive reactions to the conversion of succinate to fumarate* and, regardless 
of its effect on phosphorylation (17), to reduce the total oxidative and 
phosphorylative activity of the incubation mixture so that reasonably 
precise data could be obtained for the purpose of testing the rate law used 
in these studies. 

In Table II are presented data regarding the amounts of inorganic 
phosphate and ATP during the oxidation of succinate in the absence of 
glucose for a period of 60 minutes. It is evident that during the period of 
60 minutes (1) the rate of oxygen uptake remained essentially constant, 
and (2) the amount of inorganic phosphate and the amount of labile phos- 
phate of ATP, as determined through the use of potato apyrase, crystalline 
myosin, and acid hydrolysis, remained constant at the initial values. The 
constancy of inorganic phosphate and the acid-labile phosphate confirms 
the findings of Friedkin and Lehninger (15). Data establishing the speci- 
ficity of action of the enzymes employed are presented in Table III. Since, 
in the data presented in Table II, the myosin-labile phosphate represented 
almost precisely one-half of either the acid-labile phosphate or the potato 
apyrase-labile phosphate, it is clear that (1) ATP is the principal, if not 
the exclusive, source of acid-labile phosphate, and (2) under the conditions 
of these experiments acid hydrolysis may be used to determine the acid- 
labile phosphate of ATP and ADP. 

On the basis of these data, and the results of experiments with radio- 
active inorganic phosphate, it was assumed that the exchange of phosphate 


in the glucose-free system could be formulated as follows: A +> B, where 
A represents a constant amount of inorganic phosphate, B represents a 


* McEwen, W. K., and Eiler, J. J., to be published. 
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constant amount of labile phosphate, and V is the constant rate in either 
direction. V is taken to represent the rate of phosphorylation. The 
following equation, which relates the time-dependent changes in specific 
activity of inorganic phosphate and the labile phosphate of ATP to the 
rate of phosphorylation, was derived. 


AB 1 a — bol 
n a 
A+B a-—bt ( 





ives 


where A and B are as above and aq and a are the initial and the time. 
dependent specific activities of inorganic phosphate; bo and 6 are values 


TaBLeE IT 
Inorganic Phosphate and Labile Phosphate in Glucose-F ree System 
1.5 ml. of the reaction mixture as given in the text were placed in the main com- 
partment and 0.5 ml. of 28 per cent trichloroacetic acid in the side arm of several 
Warburg vessels. After 10 minutes incubation at 17° with air as the gas phase, the 
trichloroacetic acid was added to one of the flasks to serve as a control, and, after 
the intervals given below, to the others. The oxygen uptake was measured in the 
usual fashion. For the assays with enzymes, an aliquot of the filtrates was diluted 
with 7 per cent trichloroacetic acid. 




















; | Labile phosphate 
Incubation time | Oxygen uptake ro e ee de 
| Acid hydrolysia Potato apyrase* Myosin f 
min. sslérestons tag | pe le seat at es ' Y a ¥ 
0 465 | 202 202 108 
10 4.1 | 463 207 207 104 
20 8.0 | 459 | 210 207 104 
30 11.8 459 | 210 207 104 
60 23.9 455 210 210 104 











*1 mi. of diluted end juaitettiand extract, 1 my at 0.1 M succinate, “i 6.5, 3 mg. of 
CaCh, and 0.5 ml. of a solution of enzyme (2000 units (11)) were incubated at 30° 
for 30 minutes and the liberated phosphate estimated. 

{1 ml. of diluted and neutralized extract, 1 ml. of 0.1 m glycine, pH 8.8, 3 mg. 
of CaCle, and 1 ml. of a solution of enzyme (2.8 mg. of protein) were incubated at 
30° for 30 minutes and the liberated phosphate estimated. 


for the specific activity of the labile phosphate of ATP and ¢ is the time. 
Since Duffield and Calvin (18) have presented the derivation of a similar 
equation, there is no need to present the derivation of the equation used 
here. 

Exchange of Phosphate in Glucose-Free System—6 ml. portions, after all 
additions, of the cold reaction mixture described previously were added toa 
series of 300 ml. Erlenmeyer flasks partially immersed in a bath maintained 
at 17°. Flasks with broad bottoms were used so as to permit a rapid ex- 
change of gases between the air and the reaction mixture. The flasks were 
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then set to shaking and after a period of 10 minutes there were added 1 
ml. portions of either a solution containing trace amounts of radioactive 
inorganic phosphate or a solution containing, in addition to the tracer 
phosphate, an amount of 2,4-dinitrophenol sufficient to yield a final con- 
centration of 1 X 10-5 m. The latter additions were made with a rapid 
acting plunger type automatic pipette and marked zero time. After a 
period of vigorous shaking, the reaction in the several flasks was stopped, 
each at a different time as indicated in Table IV, by the addition of 2 ml. 
of a solution of 28 per cent trichloroacetic acid. All flasks were then placed 
in an ice bath and 20 ml. of 7 per cent trichloroacetic acid at 0° added to 


TaBLeE III 
Specificity of Potato Apyrase, Myosin, and Myosin Plus Myokinase 

The amounts of the several substrates given below, contained in 1 ml., were in- 
cubated with the several enzymes for 30 minutes at 30°. The incubation mixture 
in the case of potato apyrase and myosin was as given in Table II. In the use of 
the mixture of myosin and myokinase, 0.8 ml. of a solution of the former and 0.2 
ml. of a solution of the latter were used as in the incubation mixture for myosin 
except that n no divalent cation was added. 














Sey 
Adenylic acid ADP ATP | ge on 
Enzyme . lin i ae IT 
Eg ay Tou Sncupeate | ioanaeale | | — 
phos- | phosphate | phos- phosphate | 
| Poste phate lib. phate | liberated phate | liberated Loww plate ib 
Spanning noes | ee mmeee | -| - 
Y ¥ Si | Y |per cent) | Y ber cent = 'y ¥ 
Potato apyrase...| 248 0.3 | 50. Hage 2) 49.6 81.3) 54.0 66.5 | 620 8.7 
MyO8i ss sien. 152.0) 2 5 185 | 62.6 33.8 
“ + myo- ce | 
RINASO. o.s2 28 182. 0,75.2) .2| 49.7 185 | 123.0 | 66.5 








the contents. Aliquots of the trichloroacetic acid extract were used for 
the determination of the inorganic phosphate, the acid-labile phosphate, 
and the specific activities of both the inorganic phosphate and the labile 
phosphate of ATP (acid hydrolysis). 

The rate of oxygen uptake of the reaction mixture used in the above 
experiments was determined concurrently with the radioactive studies. 
1.5 ml. portions (after all additions) of the reaction mixture were added to 
each of four vessels containing alkali and a roll of filter paper in the center 
well. 0.25 ml. portions of either the solution of tracer phosphate or the 
solution of tracer phosphate and DNP were contained in the side arms. 
After a period of 10 minutes for temperature equilibrium, the contents of 


‘In the presence of pentobarbital with succinate as the substrate, the measured 
oxygen uptake is the same with or without alkali in the center well. 
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the side arm were tipped in and the oxygen uptake determined in the 
conventional manner over a period of 30 minutes. The oxygen uptake 
per minute per ml. of reaction mixture was assumed to be identical to that 
obtaining in the several Erlenmeyer flasks. 

In addition to several preliminary trials to ascertain a suitable time 
schedule, two complete experiments, as given in Table IV, were carried 
out. To conserve space, the complete data are given for only one of these 
experiments. In this experiment the radioactive phosphate contributed 
1.2 X 10° c.p.m. per 6 ml. of reaction mixture. 


TaBLE IV 
Distribution of Radioactivity and Oxygen Uptake 
The reaction mixture was as given in the text; each ml. contained 2 um of ATP 
and 6 uM of inorganic phosphate, and, in one-half of the flasks, 0.01 um of 2,4-dini- 
trophenol. The single value for the oxygen uptake is the average figure obtained 
during 30 minutes. The procedure is given in the text. 





P of inorganic phosphate 'P of labile phosphate of ATP) Total 

“an | Oe" \come| | 2 pe a 

time uptake tration Specific 3 Total | Specific 3 Total | labile phos- 
activity — activity! activity & activity phate 

< 

microatoms ; 

min. | pth Kare ee | te oe |? |e oe 
0 0 |1065 + 6*; 1170 | 1250; 0 735 0 125 
5 0.23 0 | 92145 1180 1090 (256 + 2* 735 188 127 
8 0 836 + 6/1170 980 318 +3 728 231 121 
me | 0 | 793 + 61200 950 44543) 700) 311 126 
Oo | 1 |1059 + 6 | 1170 | 1240} 0 714 0 124 
7.5 | 0.23 1 914 + § | 1190 | 1190 '229 + 2/ 703 161 125 
15 1 | 790 + 5/| 1180 | 930 362 + 2 | 733 | 265 120 

20 1 | 756 + 6 


1200 | 910 437 + 3 | 711 311 122 





* Standard deviation (13). 


The following points are to be observed in these data (Table IV): (1) 
DNP at a concentration of 1 X 10-° m had no discernible effect on the rate 
of oxygen uptake which amounted to 0.23 microatom of oxygen per minute 
per ml. of reaction mixture in both sets of flasks. (2) Both, in the presence 
and in the absence of DNP, the amount of inorganic phosphate and that of 
acid-labile phosphate remained constant at their initial values. (3) The 
specific activity of the inorganic phosphate decreased, while that of the 
labile phosphate increased as time progressed, both in the presence and 
in the absence of DNP. A plot of the changes in specific activity for each 
phosphate fraction versus time indicated that the changes in the specific 
activity of each phosphate fraction, with and without DNP, followed first 
order equations. (4) The total radioactivity calculated as the sum of the 
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activity present in the inorganic phosphate and the labile phosphate of 
ATP remained essentially constant at the initial values with and without 
DNP. (5) Calculations for the fraction of exchange equilibrium (19) 
existing at the time of the terminal samples show that, at the end of 12 
minutes in the absence of DNP, 67 per cent of the progress toward equilib- 
rium had been achieved, while, in the presence of DNP, the value of 68 
per cent had been achieved only after 20 minutes. The fraction of ex- 
change equilibrium is most simply calculated (but not most rigorously) by 
dividing the specific activity of the labile phosphate of ATP at a particular 
time by that at infinite time. The specific activity at infinite time was 
calculated, on the basis of point (4) above, by dividing the total counts by 
the sum of the amounts of inorganic phosphate and the labile phosphate of 
ATP. In these calculations, it is assumed that both labile phosphates are 
involved in the exchange process. 

Points (2), (3), and (4) establish the essential validity of the assumptions 
used in the derivation of Equation 1. The specific activity data presented 
in Table IV are plotted according to Equation 1 in Fig. 1. Here it can be 
observed that the logarithm of the difference in the specific activities of 
inorganic phosphate and the labile phosphate of ATP is a linear function 
of time, with and without DNP. Calculations for the rate of phosphoryla- 
tion (V), by use of the relationship of slope (Fig. 1) to velocity given in 
Equation 1 and the data for the average amounts of inorganic phosphate 
and labile phosphate of ATP given in Table IV, yielded the following 
values in micromoles of phosphate per minute per ml. of reaction mixture: 
0.23 in the absence of DNP and 0.14 in its presence. When these data, 
together with the value for the rate of oxygen consumption, were used to 
calculate the micromoles of phosphate “esterified” per microatom of oxygen 
consumed (P:Q), the following values were obtained: 1.0 in the absence of 
DNP and 0.6 in its presence. The results of the second complete experi- 
ment were as follows: The rate of phosphorylation, in micromoles per 
minute per ml., was 0.22 in the absence of DNP and 0.13 in its presence. 
The rate of oxygen uptake amounted to 0.20 microatom per minute per 
ml. in either case. The P:O values amounted to 1.1 in the absence and 
0.7 in the presence of DNP. 

It was of interest to compare the values for the P:O as calculated above 
with those obtained in the presence of glucose, wherein the net uptake of 
inorganic phosphate is used as a measure of the phosphate esterified. To 
this end, six double armed Warburg vessels were charged with 1.5 ml. of 
the reaction mixture, as in the experiments to determine the oxygen uptake 
above, except that one side arm contained, in place of the tracer phos- 
phate, either a solution of glucose (33 uM) or a solution of glucose and suf- 
ficient DNP to yield a final concentration of 1 X 10-' mM. The second 
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side arm of all flasks contained 0.5 ml. of 28 per cent trichloroacetic acid 
which was added to the controls after a 10 minute period of temperature 
equilibrium at 17°. The glucose was tipped in at this time in the remaining 
flasks and the oxygen uptake measured for a period of 30 minutes, at the 
end of which time the trichloroacetic acid was added. The rate of oxygen 
uptake amounted to 0.23 microatom of oxygen per minute per ml. of reac- 
tion mixture. This value is no different from that obtained in the absence 
of phosphate acceptor. The rate of phosphate uptake in the absence of 
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Fig. 1. Changes in the specific activities of inorganic phosphate (a) and the la- 
bile phosphate of ATP (6), plotted as the logarithm of ao/(a — b), where ap is the ini- 
tial specific activity of the inorganic phosphate, against the time in minutes. The 
data for the specific activities at the several times are taken from Table IV. The 
data for the points connected by the dotted line were obtained in the presence of 
1 X 10-5 m 2,4-dinitrophenol. 


DNP, which amounted to 0.25 um per minute per ml., likewise, is essentially 
no different from that calculated for the glucose-free system. In the pres- 
ence of 1 X 10-' m DNP, the rate of phosphate uptake amounted to 0.13 
uM per minute per ml., a value very close to that obtained in the glucose- 
free system. 


DISCUSSION 


During the oxidation of substrate in a rat brain homogenate free of phos- 
phate acceptor, there is a rapid transfer of radioactive phosphate which, 
at least for the duration of these studies, is confined to an exchange of 
inorganic phosphate and the labile phosphate of ATP. The exchange takes 
place in such a fashion, both in the presence and in the absence of DNP, 
that the concentrations both of inorganic phosphate and ATP remain 
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constant. Several lines of evidence suggest that the exchange of phos- 
Qa 
phate may be formulated as follows: P; 3 P.P3, where a represents the rate 


of the oxidative conversion of inorganic phosphate, via some “primary 
phosphate ester’’ (20), to the labile phosphate of ATP and 8 (equal to a) 
represents the rate of the reverse reaction. It has been shown that the P:O 
value calculated for the glucose-free system was the same as that observed 
for the identically prepared glucose-containing system when both were 
using oxygen at the same rate. The presence of 1 X 10-5 m 2,4-dinitro- 
phenol reduced the P:O values in both systems by approximately the same 
amount. It is highly improbable that some enzyme, not involved in the 
sequence of events associated with oxidative phosphorylation, would cata- 
lyze the exchange of phosphate in the glucose-free system at almost pre- 
cisely the same rate as was observed for the net uptake of phosphate in the 
glucose-containing system. ‘The improbability is increased if, further, it 
must be assumed that the activity of such an enzyme is influenced by DNP 
almost to the same extent as is the uptake of phosphate due to oxidative 
phosphorylation. Additional evidence for the above point of view is pre- 
sented in Paper II of this series (21). 

Evidence is available that both labile phosphates of ATP are equally 
active in the exchange process. Simple calculations that take into account 
the calculated rate of phosphorylation, the duration of phosphorylation, 
and the magnitude of the pool of labile phosphate show that during the 12 
minutes of incubation in the absence of DNP approximately 73 per cent 
of the labile phosphate was newly formed. Similar calculations indicate 
that during the 20 minutes incubation in the presence of DNP about 79 
per cent of the labile phosphate was newly formed. Clearly, both labile 
phosphates were involved in the exchange with inorganic phosphate. The 
observation (Fig. 1) that the plot of time versus the logarithm of the 
difference in the specific activities of the inorganic phosphate and the total 
labile phosphate yields a straight line connotes that both labile phosphates 
were equally active in the exchange with inorganic phosphate, both in the 
presence and in the absence of DNP. Such a statement is not meant to 
imply that both labile phosphates were necessarily formed directly from 
inorganic phosphate, via some common intermediate phosphate ester, but 
rather that radioactivity entered each position at a common rate. Krebs 
et al. (22) have furnished qualitative information that the reactivity of both 
labile phosphates of ATP in a rat liver homogenate is of the same order. 

If it is granted that the addition of glucose to the acceptor-free system 
has no effect other than to accept phosphate from ATP, then the exchange 
of phosphate in the presence of glucose may be formulated as follows: 


P, 3 P.P3 4. Po, where y is the rate of phosphorylation of glucose and Po 
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represents the resulting organic phosphates. A consideration of the fact 
that the P:O value is the same in the two systems, both in the presence 
and in the absence of DNP, raises the question whether, in the glucose- 
containing system in comparison to the glucose-free system, the value of « 
is twice as great or the value of 6 is negligible. This point is raised here 
because if a is not the same in the two systems, then any value established 
for a by the technique used in these studies does not reflect the maximal 
P:O figure associated with any given oxidation step. The available evi- 
dence (21) indicates that 8 is probably negligible in the glucose-containing 
system, under the conditions of these experiments. 

It is reasonably certain that in these experiments we were studying the 
single step oxidation of succinate.’ However, due to the effect of pento- 
barbital on phosphorylation reported by Bain (17) and to observations 
made in this laboratory, it is assumed that the P:O figures reported here do 
not represent maximal values. The procedures described make possible a 
more systematic study of the effects of pentobarbital on phosphorylation. 

While there can be little doubt that DNP has several biological effects 
(23) depending upon concentration and pH, which influence the concen- 
tration and ratio of free acid and anion, it seems evident that the principal 
action to account for its characteristic effects on homogenates (24, 3, 25) 
must be sought in the enzyme system responsible for the exchange of phos- 
phate in the glucose-free system. An assumption that DNP accelerated 
the breakdown of ATP via hydrolytic cleavage (26-28), as its principal 
effect, is not compatible with the observed decrease in the rate of exchange 
in the presence of a constant amount of ATP. If, on the other hand, 
DNP had as its sole effect a reduction in the rate of phosphorylation of 
ATP, a possibility inherent in the original explanation offered by Loomis 
and Lipmann (24), a decrease in the amount of ATP would have been 
expected. An assumption that DNP reduced, equally, both the rate of 
phosphorylation and the rate of dephosphorylation of ATP, would be 
completely in accord with the experimental findings. This possibility 
would be explicable if DNP reacted with some primary phosphate ester 
(29, 30) in equilibrium with ATP, provided such an ester is involved in 
the mechanism by which ATP is converted to inorganic phosphate. 


SUMMARY 


1. A precipitation procedure has been developed which permits the de- 
termination of the specific activity of inorganic phosphate in the presence 
of ATP. 

2. The exchange of phosphate in an acceptor-free homogenate can be 
represented as a precise balance between the oxidative conversion of in- 
organic phosphate to ATP and the conversion of ATP to inorganic phos- 
phate. 
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3. The P:O value calculated for the acceptor-free system is the same as 
at observed in the presence of glucose, and DNP has the same effect on 


both systems. 


4. Evidence regarding the mechanism for the action of DNP is presented 


and the exchange of phosphate in a glucose-containing system is discussed. 


26. 


7. Hunter, F. E., in McElroy, W. D., and Glass, B., Phosphorus metabolism, Bal- 


28. 
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STUDIES IN OXIDATIVE PHOSPHORYLATION WITH 
RADIOACTIVE PHOSPHATE 


II. MECHANISM OF THE PHOSPHATE EXCHANGE* 


By KWAN-HUA LEE anv JOHN J. EILER 


(From the College of Pharmacy, University of California, San Francisco, California) 
(Received for publication, December 16, 1952) 


In a previous study (1, 2) evidence was furnished that, in a rat brain 
homogenate free of phosphate acceptor, radioactive phosphate is con- 


Qa 
served by a system which may be formulated as follows: P; — P2P3, where 


a is the rate for the oxidative conversion of inorganic phosphate to ATP,! 
6 is the rate for the opposing process, and P; and P:P; are inorganic phos- 
phate and the labile phosphate of ATP, respectively. The available evi- 
dence showed that a and 6 were constant and equal and that both labile 
phosphates of ATP were equally active in the exchange processes. On the 
basis of the effect of DNP on the exchange processes, it was proposed that 
DNP exerts its characteristic effect by acting on a “primary phosphate 
ester’ involved in both directions of the exchange between inorganic phos- 
phate and ATP. 

In this study additional evidence is offered both that a represents the 
rate of oxidative phosphorylation and that both labile phosphates are 
equally active. The extent to which the action of myokinase can account 
for the equal activity of the labile phosphates of ATP is assessed. Evi- 
dence is furnished that the value for 8 represents the sum of two processes 
concerned with the formation of inorganic phosphate from ATP. Addi- 
tional evidence is supplied concerning the action of DNP and information 
is made available regarding the exchange of phosphate in a rat brain ho- 
mogenate containing glucose as phosphate acceptor. 


EXPERIMENTAL 


The preparation of the rat brain homogenates and the procedures for the 
determination of the amounts and the specific activities of inorganic phos- 


* This investigation was supported in part by a research grant from the National 
Heart Institute of the National Institutes of Health, United States Public Health 
Service. 

'The following abbreviations are used: ATP, adenosinetriphosphate; ADP, 
adenosinediphosphate; AMP, adenosine-5-phosphoric acid; DNP, 2,4-dinitrophenol; 
P:0, micromoles of inorganic phosphate esterified per microatom of oxygen con- 
sumed; P;, the terminal phosphate of ATP; and Ps, the terminal phosphate of ADP. 
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phate and the labile phosphates of ATP were as given previously (2). 
The ATP, myosin, and potato apyrase employed in this study were samples 
of the preparations tested in the previous study. The ADP was a com- 
mercial preparation which was used without further purification. Hex- 
okinase from yeast was prepared according to Berger et al. (3) and the puri- 
fication carried to the 3a stage. 

Dependence of Rate of Exchange upon Oxidative Phosphorylation—To es- 
tablish more firmly that the exchange of phosphate observed in the glucose- 
free system (2) is dependent upon oxidative phosphorylation, a comparison 
was made of the rates of exchange of phosphate under anaerobic and aerobic 
conditions, in the presence of succinate, and under aerobic conditions, in 
the presence of pyruvate. 

The data obtained from the study of the rates of exchange of phosphate 
in the presence of succinate under anaerobic and aerobic conditions are 
presented in Table I. The rate of exchange under aerobic conditions 
calculated according to Equation 1 (2)? amounted to 0.20 um per minute 
per ml. of reaction mixture. This figure is in good agreement with the 
values 0.22 and 0.23 um per minute per ml. observed previously (2) for the 
identically prepared reaction mixture. It is clear from Table I that only 
a low rate of exchange of phosphate occurred under anaerobic conditions; 
the specific activity of the labile phosphate under anaerobic conditions was 
only one-tenth that under aerobic conditions despite the fact that the 
total radioactivity was about 15 per cent greater under anaerobic condi- 
tions. The decrease in the labile phosphate, observed under anaerobic 
conditions, precluded any reasonably accurate calculation for the rate of 
exchange of phosphate. 

The rate of exchange of phosphate and the calculated P:O value during 
the oxidation of pyruvate at 17° were estimated as described previously (2). 
The reaction mixture was as given in Table I, except that each ml. con- 
tained 40 um of pyruvate and 0.6 um of fumarate, in place of succinate, and 
0.1 um of pentobarbital. The pentobarbital which lowered the rate of 
oxygen consumption by 30 per cent was added to prolong the time required 
to reach exchange equilibrium for the radioactive phosphate. To con- 
serve space, the data relative to the exchange of phosphate are presented 
only in Fig. 1, where the logarithm of the difference in the specific activities 
is plotted against time. The total radioactivity calculated as the sum of 
the activity in inorganic phosphate and the labile phosphate of ATP 


2 Equation 1, V = (AB/A + B) In (ao/a — 6) (1/t), where A and B are the 
amounts of inorganic phosphate and labile phosphate of ATP, a and a are the 
initial and time-dependent specific activities of inorganic phosphate, respectively, 
and b is the specific activity of the labile phosphate. V is the rate of phosphoryla- 
tion. 
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remained essentially constant at the initial value of 880 X 10* c.p.m. per 
flask. Calculations for the velocity of exchange by use of the slope in Fig. 
1 and the values for the amounts of inorganic phosphate (1040 + 30 y) 
and the labile phosphate of ATP (1020 + 10 +) yielded the value of 0.32 
uM of phosphate per minute per ml. of reaction mixtures. This value di- 
vided by the rate of oxygen uptake (0.14 microatom of oxygen per minute 
per ml.) yields 2.3 for the calculated P:O. The latter figure stands in 


TaBLeE I 
Exchange of Phosphate under Aerobic and Anaerobic Conditions 


The several flasks were charged with 1.5 ml. of reaction mixture, each ml. of which 
contained, in addition to 0.5 ml. of homogenate, the following substances in micro- 
moles: ATP, 2; inorganic phosphate (pH 7.4), 5; NaF, 32; MgCle, 10; KCl, 34; so- 
dium succinate, 60; and pentobarbital, 3.7. 0.25 ml. of a solution of tracer phos- 
phate, contributing about 1 X 106 c.p.m., was placed in one side arm and 0.5 ml. of 
28 per cent trichloroacetic acid was placed in a second side arm. Flasks 1, 2, and 
3 contained air, while Flasks 4 and 5 were flushed vigorously with oxygen-free ni- 
trogen. At the end of 10 minutes at 17° the trichloroacetic acid and then the tracer 
phosphate were added to Flask 1 to serve as control. The tracer phosphate and, 
6 minutes later, the trichloroacetic acid were added to the other flasks. The fil- 


trates of Flasks 2 and 3 were pooled, as were those of Flasks 4 and 5, for purposes of 
analysis. 








Specific activity, 
Amount, y per 3 ml. counts per y per min. | po¢4] counts, 
Flask No. Condition pet a : counts per 3 
4 
Inorganic Labile Tnorganic Labile ml. X 10 
phosphate | phosphate | phosphate | phosphate 
i! Aerobic 483 190 9.2 
2+ 3 “ | 487 385 | 156 42 | 9.2* 
44+ 5 Anaerobic | 539 343 195 4 10.6* 


* Calculated as the sum of the activities of inorganic phosphate and the labile 
phosphate. 


good agreement with the value of 1.9 obtained for these homogenates (4) 
when the net uptake of phosphate is used as a measure of the rate of phos- 
phorylation. A comparison of the rates for the exchange of phosphate and 
of the magnitudes of P:O during the pentobarbital-inhibited oxidations 
of succinate and pyruvate indicates strongly the dependence of phosphate 
exchange upon oxidative phosphorylation. 

Relative Activity of Labile Phosphates of ATP—It has been pointed out 
(2) that the linear relationship such as is presented in Fig. 1 connotes 
that radioactive phosphate enters both labile phosphates of ATP at the 
same rate. The results presented in Fig. 1 are especially significant in 
this regard, since the data were obtained over a large fraction of the period 
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required to achieve exchange equilibrium. To obtain more direct evidence 
in support of this point, the following experiment was carried out. Two 
6 ml. portions of a reaction mixture having the composition given in Table] 
were permitted to come to temperature equilibrium at 17° in air. A solution 
of tracer phosphate (720 X 10° c.p.m. per flask) and, 7 minutes later, 
a solution of trichloroacetic acid were added. The trichloroacetic acid 


97 ° 
8 - 
as 
6 - 
$- ° 





! T T T T 
10) 5 10 15 20 


TIME IN MINUTES 
Fie. 1. Changes in the specific activities of inorganic phosphate (a) and the 
labile phosphate of ATP (b), plotted as the logarithm of ao/(a — b), where ap is the 
initial specific activity of the inorganic phosphate, against the time in minutes, 
The data for the time-dependent change in specific activities were obtained during 
the pentobarbital-inhibited oxidation of pyruvate (see the text). 





extracts were pooled and aliquots treated so as to permit evaluation of the 
amounts and the specific activities of the inorganic phosphate, the myosin- 
labile phosphate, and the acid-labile phosphate, according to the proce- 
dures given previously (2). The specific activities of the myosin-labile 
phosphate (P3), the acid-labile phosphate (P2P3), and the inorganic phos- 
phate in counts per minute per microgram were 343, 337, and 486, respec- 
tively. Calculations showed that exchange equilibrium would have been 
reached when all fractions had a specific activity of 425 c.p.m. per ¥. 
Clearly, the two labile phosphates of ATP had the same specific activity at 
a time prior to reaching exchange equilibrium. The amount of phosphate 
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liberated by crystalline myosin represented 51.5 per cent of the phosphate 
liberated by 10 minute acid hydrolysis. This result confirms the previous 
observation (2) that little or none of the acid-labile phosphate is present 
as ADP. 

Réle of Myokinase—In preliminary experiments to evaluate the possi- 
bility that myokinase might account for the equal rate of labeling of the 
labile phosphates of ATP, it was demonstrated that ADP, or a mixture of 
AMP and ATP, but not AMP alone, when substituted for ATP in the 
standard reaction mixture given in Table I, led to a slow but significant 
net uptake of phosphate. Thus, in conformity with the findings of others 
(5, 6), ADP would appear to be the acceptor of phosphate from some 
“primary phosphate ester” made possible by oxidative reactions. How- 
ever, on testing the activity of myokinase in three separate homogenates, 
it was found, as pointed out by Barkulis and Lehninger (6), that in the 
presence of fluoride this enzyme is not highly active. The activity of 
myokinase at 17° was tested in the standard reaction mixture (Table I) 
fortified with an excess of hexokinase and glucose and with 2 wm of ADP 
per ml. added in place of ATP. All tests were carried out under anaerobic 
conditions. The decrease in acid-labile phosphate minus the increase in 
inorganic phosphate (which was nil), during the first 10 minutes of incuba- 
tion after adding the ADP, was considered to represent the activity of 
myokinase. The average value for the rate of conversion of ADP to ATP 
amounted to only 0.19 um per minute per ml. of reaction mixture. Pos- 
sibly the instantaneous rate at zero time, in the absence of accumulated 
AMP, would be higher. On the other hand, the concentration of substrate 
(ADP) employed in the test system was many fold that which could have 
existed in the studies with radioactive phosphate. In view of these results, 
it is not certain that myokinase alone could have accounted for the rapid 
equal distribution of labile phosphate observed in the study with pyruvate 
as substrate. 

Rate of Liberation of Inorganic Phosphate from ATP—A question arises 
concerning the mechanism of the rapid return of the labile phosphate of 
ATP to inorganic phosphate which must have taken place to account for 
the exchange of phosphate under conditions in which the amount of each 
phosphate fraction remained constant. The observations that the amounts 
of both inorganic and labile phosphate remained constant when, on a 
relative basis, the exchange of phosphate was fast (pyruvate oxidation), 
moderate (succinate oxidation), or slow (succinate oxidation in the presence 
of 1 X 10-5 m 2,4-dinitrophenol (2)) indicate quite definitely that at least 
one process involved in the formation of inorganic phosphate from ATP 
is geared to oxidative phosphorylation. To assess the contribution of 
such a process to the rate of formation of inorganic phosphate, it was first 
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necessary to evaluate the rate of the liberation of inorganic phosphate 
from ATP in the absence of oxidative phosphorylation. 

In Table II, there are presented the results of experiments wherein the 
rate of splitting* of ATP was followed by observing the increase in inorganic 
phosphate after first having ascertained that the increase in the latter 
closely reflected the decrease in acid-labile phosphate. Because of the 
findings of others (8-10) that DNP added to homogenates of tissues in- 
creased the rate of liberation of inorganic phosphate from ATP, we included 
a study of the effect of DNP both in the presence and in the absence of 


Taste IT 
Hydrolysis of ATP 

The 1.5 ml. of reaction mixture contained in the main compartment had the same 
composition as given in Table I, except that no succinate was added. The solution 
containing the ATP was tipped in from the side arm after temperature equilibrium 
for 10 minutes at 17°. Some of the flasks contained sufficient DNP to yield a final 
concentration of 1 X 10-5 m. 0.5 ml. of 28 per cent trichloroacetic acid was tipped 
in from a second side arm to terminate the reaction as given below. Some of the 
flasks were flushed vigorously with oxygen-free nitrogen; others contained air. 
Each result represents the average value for two vessels. 








Increase in inorganic phosphate, um per min. per ml. 
| reaction mixture 
Condition DNP, 1 X 10 uw ea d 
1st 10 min. 2nd 10 min. | 1st 15 min. 
Anaerobic — 0.05* 0.03* | 0.035 
6 + | 0.040 
Aerobic - | | 0.0357 
oi + 0.030T 








* Values for homogenate from one group of rats. 
+ Values for homogenate from second group of rats. 


oxygen. Succinate was omitted from the reaction mixture. While in 
the presence of pentobarbital and in the absence of added succinate there 
is only a negligible oxygen uptake, it cannot be claimed that the breakdown 
of ATP observed under aerobic conditions was not accompanied by some 
resynthesis. Accordingly, in the data obtained under aerobic conditions 
emphasis must be placed only on the lack of difference between the rate of 
increase of inorganic phosphate in the presence and in the absence of DNP. 

It is to be observed (Table II) that with an initial concentration of 
2 um of ATP per ml. of reaction mixture, under anaerobic conditions, the 
rate of increase of inorganic phosphate amounted only to 0.05 and 0.03 um 


3To include phosphate liberated by simple enzymic hydrolysis and any that 
might be liberated by reactions of the type considered by Kaufman (7). 
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per minute per ml. of reaction mixture for the first and second 10 minute 
periods, respectively. An intermediate value was observed for the first 
15minutes. Obviously, these data do not represent the velocity of splitting 
at zero time. However, when the data were plotted according to a first 
order law, in accordance with the findings of Ogston and Smithies (11), 
the extrapolated value for the rate at zero time amounted only to 0.06 
um of phosphate per minute per ml. Clearly, the splitting of ATP does 
not account for a major fraction of the labile phosphate converted to 
inorganic phosphate in the studies with radioactive phosphate. In Table 
II is also to be observed that 1 X 10-5 m DNP did not have an appreciable 


TaBLe III 


Values for Uptake of Phosphate and Oxygen and Labile Phosphate Determined by 
Acid and Enzyme Hydrolyses 


The 1.5 ml. of reaction mixture added to each flask was the same as that given 
in Table I, except that each ml. contained 18 um of inorganic phosphate and 22 um 
of glucose. The glucose was added from a side arm at the end of the period for 
temperature equilibrium at 17° (zero time). 0.5 ml. of 28 per cent trichloroacetic 
acid was added from a second side arm at zero time in one set of flasks and at the 
intervals given in the others. 




















Time of Decrease in Labile phosphate 
incubation joe ed Oxygen uptake P:0 —_—_— siete Se 
iti Acid \Potato apyrase| Myosin 
min. | uM microatoms a | " y 
0 | 185 192 98 
10 4.8 5.9 0.8 144 101 Nil 
20 | 10.0 12.0 0.8 mam | ww | 
300 | 18.5 17.6 1.0 243 | | « 





effect on the rate of splitting of ATP either under aerobic or anaerobic 
conditions. 

Previously (2) it was shown that the P:O value observed in the glucose- 
containing system by measuring the net uptake of phosphate was the same 
as that calculated for the glucose-free system. It was proposed that the 
exchange of phosphate in a reaction mixture to which glucose is added as a 


a 
phosphate acceptor may be represented as P; 7 P,P, — Po, where ¥ is 


the rate of phosphorylation of glucose, Po represents the resulting organic 
phosphates, and the other symbols are as previously defined. The identity 
of the P:O values obtained in both systems could be explained if, in the 
glucose-containing system, the value of 6 became negligible. That this 
appears to be the explanation is seen in the data presented in Table III, 
where the values for the net uptake of phosphate, the uptake of oxygen, 
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and the labile phosphate determined by acid and enzyme hydrolyses are 
presented for various times during the oxidation of succinate in a glucose- 
containing reaction mixture with added pentobarbital. It is to be observed 
that the oxygen uptake and the phosphate uptake were essentially constant 
and yielded a P:O value close to 1.0.4 During this period the potato 
apyrase-labile phosphate declined to a value such as to preclude the exist- 
ence of significant amounts of ATP. The myosin-labile phosphate de- 
clined to a negligible value soon after the start of incubation. The acid- 
labile phosphate, after an initial decline, continues to increase as might be 
expected from the accumulation of hydrolyzable phosphates. If it is ac- 
cepted that the value for 8 depends upon the presence of ATP, it appears 
reasonable to conclude that in these experiments, in the presence of glucose, 
6 has only a negligible value. 


DISCUSSION 


The steady state interconversion of inorganic phosphate and labile phos- 
a 
phate of ATP (P; > P.P;) observed in the absence of glucose as phosphate 


acceptor consists of the oxidative conversion of inorganic phosphate to 
labile phosphate of ATP and, at least, two processes concerned with the 
formation of inorganic phosphate from ATP. The additional (2) evidence 
obtained to support the proposal that the magnitude of a is governed by 
oxidative phosphorylation has been considered in the experimental section. 

It is clear, from two lines of evidence, that both labile phosphates of 
ATP are replaced by radioactive inorganic phosphate at an equal rate. 
The limited extent to which the activity of myokinase can account for the 
equal rate of labeling of the labile phosphates has been considered. The 
presence of a highly active creatine phosphokinase in homogenates of 
brain (12) may be an additional factor to account for the-rapid equal dis- 
tribution of radioactivity in the labile phosphates. 

It has been pointed out that the simple hydrolysis of ATP cannot ac- 
count for the rapid conversion of the labile phosphate of ATP to inorganic 
phosphate (8) which was calculated from the experiments with radioactive 
phosphate. However, since in all cases in which a phosphate acceptor was 
not added the magnitude of 8 was the same as that of a, it appears reason- 
able to conclude that the principal process associated with 8 is but the 
reverse of the sequence of reactions involved in the oxidative conversion 
of inorganic phosphate to the labile phosphate of ATP. 

The oxidative conversion of inorganic phosphate to labile phosphate is 
associated both with the removal of electrons from substrates (a-keto- 


4 It has been observed by Mr. John E. Preston that in the absence of pentobarbital 
and in the presence of added hexokinase a P:O value equal to 1.7 is obtained. 
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glutarate, pyruvate, 3-phosphoglyceraldehyde, and acetaldehyde) and with 
the passage of these electrons along the electron transport chain (9, 13). 
In the case of oxidations at the substrate level, the sequence of reactions 
(7, 14-16) may be generalized as follows: acyl ~ CoA + P; + ADP = 
acyl + CoA + ATP, where acyl represents either succinyl or acetyl 
groups. Such an over-all reaction would account for an exchange between 
inorganic phosphate and the labile phosphate of ATP. However, it does 
not appear that the rate of such an exchange would necessarily be related 
to the magnitude of oxidation, as was the case in our studies. In fact, 
Harting and Velick (17), in studying the oxidation of acetaldehyde by 
diphosphopyridine nucleotide, in the presence of 3-phosphoglyceraldehyde 
dehydrogenase, demonstrated that the rate of exchange of phosphate was 
many times that of oxidation. 

There is good reason to believe that the phosphate exchange observed 
in our studies was due primarily to the phosphorylation coupled with 
electron transport. In the first place, it is generally accepted (9) that the 
phosphorylation associated with the single step oxidation of succinate to 
fumarate is due exclusively to electron transport. Secondly, in the pres- 
ence of fumarate and condensing enzyme (16), the phosphorylation as- 
sociated with the oxidation of pyruvate, during a short interval, should 
also be associated mainly with electron transport (18). The gearing of 
the rate of exchange of phosphate to the rate of oxidation, in a manner to 
show a relation to the P:O of the substrate undergoing oxidation, would 
then appear to be a distinguishing feature of the phosphorylations asso- 
ciated with the transport of electrons. 

If, for purposes of this discussion, the phrase oxidative phosphorylation 
is used to designate the conversion of inorganic phosphate to the labile 
phosphate of ATP coupled with electron transfer, then the magnitude of 
8 would be governed by the reverse of this process or reductive dephos- 
phorylation. The acceptance of reductive dephosphorylation offers a 
framework upon which can be developed a reasonable explanation for the 
effects of DNP (2) and makes possible an explanation for the observation 
that the same P:O value is obtained for the single step oxidation of suc- 
cinate both in the presence and in the absence of glucose. In Fig. 2 is 
shown a scheme for the path of phosphate, with and without phosphate 
acceptor, and for the effects of DNP. It is proposed that upon oxidation 
of a component of the electron transport chain, represented as X,-P 
(which may or may not be associated with inorganic phosphate), there is 
formed the oxidized component, which is represented as X) ~ P, suggest- 
ing an intimate association with a labile phosphate group. Others (19, 
9, 20) have suggested such a compound. Upon reduction, X> ~ P gives 
rise to inorganic phosphate and X,. Whether or not inorganic phosphate 
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is returned to the system upon reduction of the oxidized component de- 
pends upon the opportunities available to X, ~ P to discharge the labile 
phosphate prior to reduction. In the absence of glucose or other phos- 
phate acceptor there is no net discharge of phosphate by Xo ~ P, via ATP, 
but merely a rapid exchange with the terminal phosphate of ATP due to 
the presence of ADP in amounts equivalent to the amounts of X) ~ P, 
Under these conditions, inorganic phosphate and the terminal labile phos- 
phate of ATP undergo an exchange in which the over-all rate is governed 
by the frequency with which the component undergoes reversible oxidation 
and reduction. To account for the higher calculated P:O value observed 
with pyruvate, it must be assumed that more than one component of the 
electron transport chain can serve as X (20, 21). 


ATP---->accerPtor 


II 


xX —P OXIDATION XP 


REDUCTION 


' DNP 
| iON 








! 
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X, < REDUCTION K¥ UADNP 


Fig. 2. A scheme for the exchange of phosphate and the action of DNP. The 
symbols are defined in the text. 


In the presence of glucose, or adenosinetriphosphatase, where ATP can 
discharge its terminal phosphate in an irreversible manner, ADP is made 
available in increased amounts to accept phosphate from X) ~ P and give 
rise to a net production of Xo. The subsequent reduction of Xo, under 
these conditions, does not involve the return of inorganic phosphate to 
the system. Thus it is possible to account for the fact that the single 
step oxidation of succinate (in the presence of pentobarbital) yielded the 
same P:O value in the presence and in the absence of glucose. 

In Paper I (2) it was pointed out that DNP must exert its action on 
some part of the mechanism responsible for the exchange of phosphate. 
It is proposed in Fig. 2 that DNP reacts directly with the component 
X, ~ P to rupture the linkage between phosphate and Xp». Such a pro- 
posal is not new (9, 19, 20). However, there are several ways in which 
such a linkage may be split. We exclude the possibility that DNP forms 
an unstable intermediate with the phosphate, splitting an oxygen bridge 
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on the side of the phosphorus, as an explanation for the action of DNP 
in the concentrations used in these experiments. Such a possibility, 
which may exist at other concentrations or at another pH (2), would per- 
mit the free X) formed to accept phosphate from ATP and give rise to a 
catalytic decay of ATP under aerobic conditions. Such an effect was not 
observed in our experiments. 

Rather it is proposed that DNP, by splitting the oxygen bridge on the 
side away from phosphorus, reacts with Xo ~ P to yield an unstable inter- 
mediate Xo ~ DNP. The unstable intermediate is decomposed upon 
reduction. In this way Xo is not free to accept phosphate from ATP and, 
provided DNP reaches equilibrium in its reaction with X) ~ P as fast as 
does ATP, there is a ready explanation for both the reduction in the net 
uptake of phosphate in the presence of glucose and the lowering of the 
rate of exchange in the absence of glucose. 

The proposed reaction, in which essentially DNP replaces the phosphate 
of X) ~ P in an exchange mechanism offers, as well, an explanation for the 
observation of Cohn (22) that, in the presence of DNP, O'*-labeled in- 
organic phosphate does not lose its label. 


SUMMARY 


1. While, under aerobic conditions, the rate of the steady state exchange 
between inorganic phosphate (P**) and the labile phosphate of ATP in a 
rat brain homogenate free of phosphate acceptor is governed by the mag- 
nitude of oxidative phosphorylation, the rate is negligible under anaerobic 
conditions. 

2. Evidence is presented that both labile phosphates of ATP are re- 
placed by inorganic phosphate at an equal rate. 

3. While AMP is not an acceptor for inorganic phosphate, it is question- 
able that the activity of myokinase can account for the equal distribution 
of phosphate in the labile phosphates of ATP. 

4. The evidence is examined which supports the view that the exchange 
of phosphate is due to the oxidative phosphorylation and the reductive 
dephosphorylation of ATP, associated with the transport of electrons. 

5. Data are presented regarding the probable nature of the exchange of 
phosphate in the presence of a phosphate acceptor. 

6. A scheme for the action of DNP is presented. 
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B-D-GLUCURONIDE* 


By SELMA H. RUTENBURG{ anp ARNOLD M. SELIGMAN 


(From the Yamins Laboratory for Surgical Research, Beth Israel Hospital, and the 
Department of Surgery, Harvard Medical School, Boston, Massachusetts) 


(Received for publication, January 16, 1953) 


Hydrolysis of glucuronides by an enzyme in emulsin was first reported 
by Neuberg and Neimann (1) and Hildebrandt (2) in 1905. The enzyme 
was shown to be different from 6-glucosidase in 1933 (8). Glucuronidase 
activity was studied in mammalian tissues by Sera (4) and later by Masa- 
mune (5) and Oshima (6). A colorimetric method for estimating glucu- 
ronidase activity was described by Di Somma (7) and extended by Fishman 
and Fishman (8), based on the biosynthesis of the substrate, a phenol- 
phthalein monoglucuronide. On the basis of changes in the glucuronidase 
activity of certain organs following the administration of estrogens and in 
pregnancy, it was postulated that the hydrolytic enzyme was responsible 
for detoxification of phenolic substances by glucuronide formation (9, 10). 
This hypothesis has been challenged by Levvy et al. (11, 12) on the ground 
that a different enzyme system capable of mobilizing high energy is respon- 
sible for glucuronide formation. Certain tumors were shown to possess 
greater glucuronidase activity than the tissue of origin as well as other 
normal tissues (13-15). These observations indicated that it would be 
worth while to search for a chromogenic substrate which would make pos- 
sible the histochemical demonstration of 6-glucuronidase activity. Histo- 
chemical methods which are not entirely satisfactory were proposed by 
Friedenwald and Becker (16) in 1948 and by Seligman et al. (17) in 1949. 

In the search for an ideal substrate, which would yield on hydrolysis a 
naphthol sufficiently insoluble to remain at the site of the enzyme at pH 
5.0 for several hours, a variety of substituted analogues of 2-naphthol were 
fed to rabbits and the glucuronides were isolated from the urine. Although 
§-bromo-2-naphthol was shown to possess favorable properties in develop- 
ing methods for 8-p-galactosidase (18), 8-p-glucosidase (19), and serum 
cholinesterase (20), the biosynthesis of 6-bromo-2-naphthyl glucuronide 


* This investigation was supported by a research grant from the National Cancer 
Institute, National Institutes of Health, United States Public Health Service, by 
an institutional grant to Harvard University from the American Cancer Society, 
and by the Slosberg Fund for Research in Diabetes. 

t Research Fellow of the National Cancer Institute. 
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was unsatisfactory because the bromine atom was eliminated extensively 
and only traces of the appropriate substrate were obtained contaminated 
with other naphthyl glucuronides. A large component of the naphthyl 
glucuronides contained a hydroxynaphthyl glucuronide, capable of coupling 
with diazonium salts. More efficient glucuronide formation in the napb- 
thalene series was obtained with aminonaphthols or hydroxyquinoline (16), 
Presumably zwitter ion formation between the basic group and the acid 
group of the glucuronide protected the aromatic rings from further attack, 
The aminonaphthyl glucuronides were benzoylated prior to isolation from 
the rabbit urine. Of the 5-, 7-, and 8-amino-2-naphthyl glucuronides go 
prepared, the 8 isomer was hydrolyzed by §-glucuronidase 3 times as rap- 
idly as the other two isomers. Although this substrate served well enough 
for the colorimetric estimation of 8-glucuronidase activity, the histochemi- 
cal demonstration of the enzyme was no better than with the substrate 
used earlier (17). 

This report deals with the isolation of 8-benzoylamino-2-naphthyl glu- 
curonide from rabbit urine, the colorimetric estimation of 6-glucuronidase 
activity with this substrate, enzyme kinetics, and the distribution of the 
enzyme in the organs of seven mammals. Comments on the development 
of a histochemical method are also included. 

Biosynthetic Preparation of Substrate—Rabbits were placed in a metabo- 
lism cage and given rabbit pellets and water ad libitum. A solution of 2 
gm. of 8-amino-2-naphthol (du Pont technical grade) and 1 gm. of ammo- 
nium chloride in 50 cc. of water and 2.5 cc. of concentrated hydrochloric 
acid was administered to each rabbit with a stomach tube daily for 4 days. 
The daily output of urine per rabbit was about 100 to 200 cc. Urine was 
collected once or twice a day and stored at 4°. The urine was rarely found 
to be acid on this régime. 

To each liter of cold urine, sodium acetate (20 gm.) and sodium carbonate 
(40 gm.) were added and stirred until dissolved. A solution of benzoyl 
chloride (25 cc.) in acetone (500 cc.) was added all at once to the stirred 
urine. The extent of N-benzoylation was estimated by comparing the 
amount of blue dye produced with 0.5 cc. of urine by coupling with tetra- 
zotized diorthoanisidine (diazo blue B)! at the pH of acetic acid, both 
before and after benzoylation. Addition of more benzoyl chloride (5 cc.) 
in acetone (50 cc.) usually produced no significant further reduction in the 
azo dye obtained by coupling. The solution of urine was then acidified 
with an excess of glacial acetic acid, and a fresh solution of diazotized 
1-aminoanthraquinone (diazo red AL)! (0.2 gm. per cc.) was added in 
portions to form a poorly soluble, red azo dye with all material capable 
of coupling. Further portions of the diazonium salt solution were added 


1 Available as stabilized powders from E. I. du Pont de Nemours and Company. 
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until a centrifuged sample produced no further color on addition of the 
diazonium salt. Lead acetate (saturated solution) was added until no 
more precipitate formed, and then more was added to insure an excess. 
Activated charcoal (5 gm.) was stirred into the mixture and allowed to 
stand at room temperature for a few hours or overnight. 

The solution was filtered at the water pump and the residue was washed 
once With water. The stirred yellow filtrate was neutralized with concen- 
trated ammonium hydroxide to the first appearance of opalescence (pH 
6.0). It was extracted once with ethyl acetate (500 cc.) to remove benzoic 
acid. A saturated solution of basic lead acetate was then added until no 
further precipitation occurred. An excess was added to a final volume of 
4liters. The white precipitate was collected with suction and washed with 
water. 

The lead salt was suspended in 500 cc. of water, and hydrogen sulfide was 
bubbled into the stirred mixture for several hours. The black lead sulfide 
was removed by suction filtration and washed once with water. The fil- 
trate was aerated for 1 to 2 hours to remove excess hydrogen sulfide and 
extracted with an equal volume of ether to remove benzoic acid. The 
solution was neutralized to pH 6 to 7 with solid sodium bicarbonate and 
evaporated to dryness in vacuo with a capillary inlet. Foaming was con- 
trolled by addition of a few cc. of hexanol periodically. The glucuronide 
was extracted from inorganic salts with hot absolute methanol (300 cc.), 
treated with charcoal, and filtered. The alcoholic solution was concen- 
trated to 50 ce. The product precipitated upon addition of ether. It was 
collected, washed with ether, and dried to a white powder. Since it was 
shown with synthetic 8-benzoylamino-2-naphthyl sulfate that its lead salt 
is not precipitated under the conditions described above, it may be con- 
cluded that the product did not contain the sulfate ester. 

The powder was shown to contain roughly 10 per cent of chromogenic 
material by hydrolysis at 100° with 1 Nn hydrochloric acid for 1 hour, fol- 
lowed by alkalization and coupling. That chromogenic organic sulfates 
were not present was shown by failure to hydrolyze rapidly on exposure to 
ln hydrochloric acid. The other glucuronides present in urine and carried 
along in the isolation procedure were not separated from the chromogenic 
glucuronide for the experiments given below. 


Method 


Tissues were obtained from animals killed either by a blow on the head 
or exsanguination and from autopsy material in man. Fresh tissue was 
homogenized in distilled water (10 mg. per cc.) with a ground glass motor- 
driven homogenizer for 2 minutes and centrifuged for 5 minutes at 2500 
rpm. The supernatant fluid (1 cc.) was added to the buffered substrate 
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solution (5 cc.) and incubated at 37° for 4 hours. A similarly prepared 
control tube was placed in boiling water for 2 minutes to inactivate the 
enzyme. 

The buffered substrate solution was prepared by dissolving 20 mg. of 8. 
benzoylamino-2-naphthyl @-p-glucuronide in 80 cc. of distilled water and 
adding 20 cc. of phospho-citrate buffer,? pH 4.95. The resulting solution 
was stable at room temperature for as long as 4 weeks. 

At the end of the incubation period, 0.2 m trisodium phosphate (0.5 ce.) 
was added to each tube to raise the pH to that optimum for coupling (pH 
7.5 to 7.8) and to stop the reaction. A freshly prepared solution of tetra- 
zotized diorthoanisidine' in cold distilled water (1 mg. per cc.) was added 
to each tube. The tubes were shaken and allowed to stand 3 minutes, 
Trichloroacetic acid (1 cc. of 80 per cent) was added to each tube to pre- 
cipitate the protein and facilitate extraction of the purplish blue azo dye. 
Anhydrous chloroform (10 cc.) was added, and the tubes were shaken 
vigorously and then allowed to stand until the chloroform had separated, 
The chloroform layer (5 to 8 cc.) was transferred to a Klett tube with a 
pipette and clarified by centrifuging for 10 minutes at 2500 r.p.m. The 
color density was measured with a photoelectric colorimeter (Klett) through 
a green filter (540 mu). Duplicates checked within 5 per cent. The color 
density of the control tube was always zero. The color density was con- 
verted to micrograms of 8-benzoylamino-2-naphthol by means of a calibra- 
tion curve (Fig. 1) prepared with 8-benzoylamino-2-naphthol* and an 
amount of tissue homogenate similar to that used in the experiments. By 
following the procedure for coupling and extraction given above, correction 
was automatically made for the adsorption of azo dye to the protein. The 
influence of protein on the calibration curve is shown in Fig. 1 by compari- 
son of the two curves prepared with and without protein. 


Results 
Enzyme Kinetics 


The glucuronidase activity of a commercial preparation‘ (bovine) and of 
homogenates of rat liver and rat spleen was studied under various experi- 
mental conditions with the substrate, 8-benzoylamino-2-naphthyl glucu- 
ronide. The temperature of optimal activity was 37° and the optimal pH 
was 5. There was a sharp decline in the rate of hydrolysis above and below 


2 Phospho-citrate buffer (pH 4.95) (18) was prepared by mixing 500 cc. of 0.1 
citric acid and 500 cc. of 0.2 m disodium phosphate. The pH was checked with a 
glass electrode. 

3 8-Benzoylamino-2-naphthol was prepared by benzoylation of 8-amino-2-naph- 
thol in a dilute alcoholic solution in the presence of sodium carbonate. 

4 Obtained from the Sigma Chemical Company, St. Louis, Missouri. 
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this pH (Fig. 2). The rate of hydrolysis was not altered by using acetate 
buffer at pH 5, but enzymatic hydrolysis was inhibited when S¢rensen’s 
phosphate buffer was used. 
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Fie. 1. Calibration curve. Relation of color density to concentration of 8- 
benzoylamino-2-naphthol. Influence of protein on extractability of the azo dye. 
0, in the absence of protein; @, in the presence of the extract of 10 mg. of rat liver. 
Klett photoelectric colorimeter; filter 540 mz. 














> 

i oa 

Hm 300F 

za 

3 

200F e 

aw 

3 

2 100F 

oO 
i ‘ t a l l - rT 
3 4 5 6 7 


PH 


Fic. 2. 8-Glucuronidase activity of rat liver at various pH values. Period of 
incubation, 4 hours. 


At pH 5 and 37° the hydrolysis of the substrate proceeded according to 
zero order kinetics for the first 10 hours. The rate of enzymatic hydrolysis 
declined thereafter (Fig. 3). That this decline was not due to thermal 
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inactivation was shown in experiments in which homogenates incubated at 
37° for 4 hours behaved similarly to homogenates stored at 4° for a similar 
period. However, homogenates stored for 4 hours at any temperature 
(4-37°) showed considerably less activity (80 per cent less) than did freshly 
prepared homogenates. This was not the case with storage of fresh blocks 
of tissue for 4 hours, in which little or no loss in activity was seen. Further- 
more, storage of homogenates at 56° for 4 hours resulted in total loss of 
activity, whereas storage of blocks of tissue at 56° for 4 hours did not re- 
sult in loss of activity. 
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Fig. 3. Rate of hydrolysis by 6-glucuronidase of rat liver 


Hydrolysis of the substrate as a function of the concentration of the 
enzyme was determined with homogenate supernatant fluid over the range 
of 0.1 to 2.0 cc. (extract of 1 to 20 mg. of rat spleen). In the range of 0.1 
to 1.4 cc. there was no change in the specific activity of the extract. There- 
after there was a decrease in specific activity (Fig. 4). The decline both in 
reaction rate after 10 hours (Fig. 3) and in specific activity of the homog- 
enate above 1.4 cc. was due largely to the accumulation of 8-benzoylamino- 
2-naphthol. This was shown in experiments in which an amount of the 
naphthol equal to that produced at the break in the curve (Fig. 4) was 
introduced at the start of the reaction. Comparison with suitable control 
tubes indicated 20 per cent inhibition of enzymatic hydrolysis. 

Another factor, which operated to change the slope of the curve at high 
enzyme concentration, was binding of the azo dye to protein. Although 
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this dye binds to protein less tenaciously than that produced with 6-bromo- 
2-naphthol, significantly greater binding occurred with an extract of 14 mg. 
of tissue (10 per cent) than with the extract of 10 mg. of tissue. Extrac- 
tion of the bound dye into chloroform was not increased by increasing the 
concentration of trichloroacetic acid. 

The effect of increasing the concentration of substrate on the rate of 
hydrolysis with the extract of 10 mg. of rat liver was determined over a 
range of concentration of 0.03 to 0.3 mg. per cc. A linear relationship was 
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Fig. 4. Specific activity of 6-glucuronidase. The supernatant fluid of a homog- 
enate of rat spleen was used. Incubation period, 4 hours. 


demonstrated up to a concentration of 0.2 mg. perce. Thereafter the rate 
of hydrolysis was less in proportion to the substrate concentration (Fig. 5). 

The destructive action of fixatives on 6-glucuronidase activity was deter- 
mined by placing blocks of rat tissue for 24 hours at 4° in 10 per cent 
neutral formalin, 70 per cent ethyl alcohol, and acetone. They were then 
washed in running tap water for 30 minutes and homogenized. Their en- 
zymatic activity was compared with that of fresh aliquots of the same 
tissue specimen. The treated tissues showed a fraction of the original 
activity as follows: formalin 20 per cent, alcohol 45 per cent, and acetone 
60 per cent. Less destruction of enzymatic activity by formalin was re- 
ported earlier with a different substrate (21). Hypertonic solutions of 
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sodium chloride (5.8 per cent) or ammonium chloride (5.3 per cent) in. 
hibited enzymatic activity as follows: rat liver 75 per cent, rat spleen 60 
per cent. 


Distribution of B-Glucuronidase in Tissues 


The 8-glucuronidase activity of the organs of seven mammals is given in 
Table I. An average of three determinations with the organs from three 
individuals of each species is recorded. Wherever the range was wide, the 
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Fia. 5. Effect of substrate concentration on hydrolysis rate by glucuronidase of 
rat liver. Incubation period, 4 hours. 





limits are given. Separate homogenates of a single specimen checked 
within 10 per cent. The highest activity was noted in the liver and spleen 
of the rat. High activity was also noted in the gastrointestinal tract, lung, 
and ovary of the rat. Within this species, there was considerable indi- 
vidual variation. The enzymatic activity of the organs of the mouse was 
considerably less than that of the rat, but the highest activities were noted 
in the same organs as in the rat. The other species given in Table I showed 
little or no glucuronidase activity with this substrate, although, in nearly 
every animal, liver and spleen at least possessed slight activity. The 
results were not significantly altered by a 5-fold increase in the concentra- 
tion of substrate. However, zero readings do not indicate the absence of 
glucuronidase activity in absolute terms. 
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Evaluation of Substrate for Histochemical Distribution of B-Glucuronidase 


The difficulties in developing a satisfactory histochemical method for 
this enzyme are similar to those of other diffusible enzymes with pH optima 
around 5, such as acid phosphatase (17), B-p-galactosidase (18), and -p- 
glucosidase (19). Since enzymatic activity was sufficiently low, particu- 
larly in organs other than liver and spleen and in species other than the 


Taste I 
B-D-Glucuronidase Activity of Organs of Seven Mammals 
Enzymatic activity is given in micrograms of 8-benzoylamino-2-naphthol pro- 
duced per hour at 37°. Each organ from three individuals of each species was homog- 
enized (10 mg. per cc.) and the supernatant fluid (1 cc.) of each was used. The 


period of incubation at pH 4.95 was 4 hours, and 1 mg. of the substrate was used in 
each test. 
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rat, to require long incubation with the substrate (hours), it was necessary 
to prepare a substrate which would yield a naphthol sufficiently insoluble 
to remain at the site of enzymatic activity until coupling to a very insoluble 
azo dye could be accomplished. Although the glucuronide moiety con- 
ferred water solubility on even extremely insoluble naphthols, for the pur- 
poses of biosynthesis sufficient solubility of the naphthol was required to 
assure a significant degree of absorption for conjugation and excretion. 
The use of amino naphthols seemed a good idea because N-benzoylation 
could be carried out after conjugation had been accomplished in vivo and 
enzymatic hydrolysis would yield a very insoluble naphthol. A similarly 
insoluble naphthol was produced by reaction with benzene sulfonyl chlo- 
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ride, and the results with 8-benzenesulfonamido-2-naphthyl glucuronide 
were mentioned earlier (17). The azo dye formed with this naphthol, 
however, was muddy in color and the histochemical method was not con- 
sidered good enough to present in detail. The benzoylaminonaphthol gaye 
a bluer dye, but in sections of tissue the color was still too brown to be 
entirely acceptable to us. Because of the long incubation, diffusion of 
enzyme was a serious obstacle. Hypertonic salt solutions did limit diffu- 
sion effectively, but inhibition of enzymatic activity was too great. For- 
malin fixation also limited diffusion of the enzyme, but enzymatic hy- 
drolysis of this substrate was inactivated too extensively. That inhibitors 
accompanied the crude product isolated from urine was a distinct possi- 
bility. 

It was evident that a substrate meeting the requirements outlined 
above and hydrolyzed 2 or 3 times as rapidly would be required. The 
6-bromo-2-naphthy] 8-p-glucuronide isolated from urine in very poor yield 
seemed sufficiently promising to make worth while an attempt at total 
synthesis. The synthesis of both 2-naphthyl 6-p-glucuronides, with either 
a furanose or pyranose ring, was reported recently, and it was shown 
that only the glucopyruronoside was hydrolyzed by 6-glucuronidase of 
mammalian tissues (22). The synthesis of the 6-bromo analogue has also 
been recently successfully accomplished in collaboration with Dr. K.-C. 
Tsou and will be published, together with a satisfactory histochemical 
method, elsewhere. 


DISCUSSION 


The enzyme kinetics reported (23) for 6-glucuronidase with the sub- 
strate phenolphthalein monoglucuronide were similar to those reported 
here with 8-benzoylamino-2-naphthyl glucuronide except that inhibition, 
noted with accumulation of the naphthol, was not seen with phenol- 
phthalein accumulation. Furthermore, they reported the optimal pH to be 
4.5 rather than 5.0 and observed inhibition of glucuronidase at high sub- 
strate concentrations (1 mm per liter). 

The distribution of 6-glucuronidase activity in the organs of the rat was 
similar with the two substrates (23). Phenolphthalein monoglucuronide 
was obtained commercially‘ as the cinchonidine salt, from which it must be 
separated to effect solution (23). A comparison of the rates of hydrolysis 
of the two substrates by 8-glucuronidase in rat tissue homogenates and that 
of bovine origin commercially available! revealed that. the phenolphthalein 
monoglucuronide was hydrolyzed 3 to 4 times as fast as our substrate in 
equivalents per hour. For this reason some §-glucuronidase activity has 
been reported (23) in tissues of man, in which we did not demonstrate 
glucuronidase activity (Table I). However, by means of synthetic 6- 
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bromo-2-naphthyl 8-p-glucuronide, which is also hydrolyzed about 3 times 
as fast as the benzoylaminonaphthyl glucuronide, some glucuronidase ac- 
tivity was demonstrated in many tissues of man. This will form the sub- 
ject of another communication. 


SUMMARY 


The biosynthetic preparation of 8-benzoylamino-2-naphthyl 8-p-glucu- 
ronide and a colorimetric method for estimating 6-glucuronidase are de- 
scribed. Some enzyme kinetics are given and the distribution of enzymatic 
activity in the tissues of seven mammals is presented. The most active 
organs were liver, spleen, and gastrointestinal tract of the rat. A satis- 
factory histochemical method for demonstrating 6-glucuronidase activity 
was not provided by this substrate. 
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THE ISOLATION OF FORMALDEHYDE FROM DIMETHYL- 
AMINOETHANOL, DIMETHYLGLYCINE, 
SARCOSINE, AND METHANOL* 


By COSMO G. MACKENZIE, JOHN M. JOHNSTON, anno WILHELM R. 
FRISELL 


(From the Department of Biochemistry, University of Colorado School of Medicine, 
Denver, Colorado) 


(Received for publication, February 3, 1953) 


Radioactive formaldehyde has recently been isolated as a product of 
the oxidation of methyl-labeled sarcosine by partially sedimented liver 
homogenates and by liver and kidney slices (1). A portion of the formal- 
dehyde that accumulated in these preparations was shown to be present 
in the free or volatile form. Radioformate and carbon dioxide were also 
found to be products of radiosarcosine oxidation. In an extension of these 
results to the whole animal, radioformate appeared in the urine after ad- 
ministration of either radiobetaine or radiosarcosine. In concomitant 
experiments (2) it was shown that sarcosine is a metabolite in the animal 
body, its methyl carbon being derived from methyl groups ingested in the 
form of methionine or betaine. It was concluded, therefore, that ‘‘bio- 
logically labile”? methyl groups as a class are sources of formaldehyde and 
formate in the animal organism. 

Some 10 years earlier, Handler, Bernheim, and Klein (3) had observed 
an increased oxygen uptake and a positive color test for formaldehyde 
when sarcosine and dimethylglycine were incubated with a washed liver 
sediment. They reported that sarcosine was not oxidized by a similar 
preparation obtained from kidney. In the course of further investigations 
on l-carbon compounds, we have found that formaldehyde can be iso- 
lated as the dimedon derivative after incubation of dimethylaminoethanol, 
dimethylglycine, sarcosine, or methanol with an unfractionated liver homog- 
enate. In the case of sarcosine and dimethylglycine, the enzyme systems 
responsible for their conversion to formaldehyde have been located in the 
mitochondria. Furthermore, they have been distinguished by inhibition 
experiments. Formaldehyde was also isolated from sarcosine when a kid- 
ney homogenate was employed. 


* A preliminary report on this work was presented before the American Society of 
Biological Chemists at New York, April 15, 1952 (Federation Proc., 11, 252 (1952)). 
This work has been supported by a grant from the United States Public Health 
Service. 
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RESULTS AND DISCUSSION 


Whole Homogenates—In our initial experiments in which liver was ho- 
mogenized in Sgrensen’s 0.05 m sodium and potassium phosphate buffer, 
formaldehyde was isolated from dimethylglycine and sarcosine when the 
incubation was carried out at either pH 7.8 or 8.8. In the case of dj- 
methylaminoethanol, formaldehyde was only isolated in appreciable 
amounts following incubation at pH 8.8. However, when a 0.075 y 
potassium phosphate buffer, containing calcium and magnesium, but de- 
void of sodium was substituted for Sgrensen’s buffer, formaldehyde was 
obtained from dimethylaminoethanol at both hydrogen ion concentrations, 
Moreover, with the potassium phosphate buffer, which more closely re- 
sembles the intracellular fluid of liver than does Sgrensen’s buffer, form- 
aldehyde was isolated in higher yields from both dimethylglycine and 
sarcosine. The quantity of formaldemethone isolated from these sub- 
strates in a typical experiment with both buffers at both hydrogen ion 
concentrations is shown in Table I. The isolation experiments were 
carried out in duplicate or triplicate and were repeated from two to six 
times with each compound under the several conditions described above. 
In the case of all three substrates the isolated formaldemethone, following 
recrystallization from alcohol and water, melted at 188-189°, uncorrected. 
The melting point was not depressed on admixture with an authentic 
sample of formaldemethone. 

When aminoethanol, monomethylaminoethanol, choline, betaine, gly- 
cine, monomethylamine, dimethylamine, serine, or methionine was in- 
cubated at pH 7.8 or 8.8 with liver homogenized in either the potassium 
phosphate or Sgrensen’s buffer, formaldehyde was not obtained.  Sar- 
cosine, which was used as a control in each of these tests, invariably 
yielded formaldehyde. Consequently, the compounds listed above are 
eliminated as major intermediates in the conversion of dimethylamino- 
ethanol, dimethylglycine, and sarcosine to formaldehyde in the system 
employed. It appears, therefore, that dimethylaminoethanol gives rise 
to formaldehyde either directly or following its oxidation to the aldehyde 
or acid, that is, to dimethylglycine.' 

Fractionation of Liver Homogenate—The distribution of the enzyme 
systems responsible for the production of formaldehyde from dimethyl- 
aminoethanol, dimethylglycine, sarcosine, and methanol by the whole 
homogenate was next investigated. Liver was homogenized in the potas- 
sium phosphate buffer and separated into supernatant and sediment frac- 


1 This does not imply that in other preparations, or in the whole animal, dimethyl- 


aminoethanol is not converted to formaldehyde via choline, betaine, or other com- 
pounds. Rather, it calls attention to a possible metabolic shunt in dimethylamino- 


ethanol metabolism. 
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tions by centrifugation. The sediment, or particulate fraction, was fur- 
ther freed of soluble components by resuspending in fresh buffer and 
recentrifuging several times. When either fraction was incubated with 
dimethylaminoethanol alone, formaldehyde did not accumulate in quan- 
tities that could be isolated as the dimedon derivative. However, as 
shown in Table II, the combination of the supernatant and particulate 
fractions resulted in the isolation of formaldehyde.? 

In contrast to these results, formaldehyde was isolated from both di- 
methylglycine and sarcosine incubated with the washed sediment alone. 
Indeed, the yields were appreciably higher than those obtained with the 
whole homogenate. No formaldehyde was isolated from either substrate 


TABLE I 
Production of Formaldehyde by Unfractionated Liver Homogenate 


0.225 mo of substrate was incubated for 1 hour at 37° in air with the equivalent 
of 2.5 gm. of liver. The total volume of the mixture was 22 ml. The S¢rensen’s 
buffer was 0.05 m and the potassium phosphate buffer was 0.075 m. The contents 
of the flasks were adjusted to pH 7.8 or 8.8 prior to incubation. The yields of form- 
aldehyde are expressed as mg. of the dimedon derivative isolated. Triplicate 
determinations agreed within 10 per cent. 


Sgrensen’s buffer | Potassium phosphate 
Substrate 5 ae eR ad : 

pH78 | pH8s | pH78 pH 8.8 
Dimethylaminoethanol........ 0.1 | 0.9 0.5 1.0 
Dimethylglycine............... 12. | 1.6 2.3 2.3 
BABCOBINGH. odes Rees ak ee 3.5 4.2 6.1 6.4 


plus the supernatant fraction. Furthermore, the addition of this fraction 
to the sediment lowered the accumulation of formaldehyde to the level 
that prevailed with the whole homogenate (Table II). 

On the other hand, when methanol was incubated with the supernatant 
fraction, formaldehyde accumulated and was isolated. Furthermore, no 
formaldehyde was obtained from this compound plus the washed sedi- 
ment. Thus all possible distributions of enzyme systems producing form- 
aldehyde from the four methyl compounds were realized. These dis- 
tribution studies indicate that, unlike dimethylglycine and sarcosine, 
dimethylaminoethanol requires one or more factors present in the super- 
natant fraction in addition to the washed particles for its conversion to 
formaldehyde, a finding in harmony with the hypothesis that oxidation of 


2 When the unwashed sediment was employed alone, some formaldehyde was ob- 
tained and the recombination of this preparation and the supernatant fraction 
resulted in yields comparable to those obtained with the starting homogenate. 
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the alcohol group precedes demethylation. These experiments also elimi- 
nate methanol as an intermediate in the formation of formaldehyde from 
dimethylglycine and sarcosine. 

Formaldehyde was also isolated after the incubation of sarcosine with 
the sediment fraction of rat and chick kidney homogenates. The con- 
centrations of substrate and enzyme preparations were those employed for 
liver. The yields of formaldemethone obtained with rat and chick kidney 
were 1.3 and 2.8 mg., respectively. These direct isolation experiments 
are in accord with previous results obtained with radiosarcosine and rat 
kidney slices (1). 


TaBLe II 
Fractionation of Liver Enzyme Systems Yielding Formaldehyde 
Liver homogenate was fractionated by centrifuging at 1670 X g. 0.075 m potas. 
sium phosphate buffer of pH 7.8 was employed. The incubation mixture was ad- 
justed to pH 8.8 in the case of dimethylaminoethanol. The homogenate fraction 
in each flask was equivalent to 2.5 gm. of liver, and each flask contained 0.225 mu 
of substrate. The conditions of incubation are given in Table I. The results are 
expressed as mg. of formaldemethone isolated. 





Substrate Homogenate Sediment | Supernatant | Reconstituted* 
Dimethylaminoethanol........ 1.2 0 0 | 0.5 
Dimethylglycine............... 2.9 5.8 | 0 | 2.8 
CLS te a 6.7 | 12.6 | 0 6.2 

2.5 0 | a...) 


of Ei i Tea 


* The reconstituted homogenate consisted of the first supernatant fraction and 
the twice washed sediment. 


Formaldehyde Production by Cell Components—Having observed that 
such a reactive, and reputedly mutagenic, compound (4, 5) as formalde- 
hyde was produced from the metabolites dimethylaminoethanol (6), di- 
methylglycine (7), and sarcosine (2) by sediment preparations, which 
contain nuclei, cell fragments, and intact cells in addition to mitochondria, 
we undertook to determine which of these structural units contained the 
enzymes responsible for this reaction. Accordingly, the mitochondrial, 
nuclear, and supernatant fractions of liver were prepared in sucrose by the 
method of Schneider and Hogeboom (8). With dimethylaminoethanol as 
a substrate, none of these fractions produced formaldehyde in quantities 
that could be detected. However, the incubation of dimethylglycine or 
sarcosine with the mitochondria resulted in the isolation of formaldehyde 
(Table III). Some formaldehyde was obtained also with the nuclear 
fraction, but none was isolated from the supernatant fraction, which con- 
tained the microsomes. When the three fractions were recombined, the 
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yield of formaldehyde was considerably less than was obtained with the 
original unfractionated homogenate. However, the whole and reconsti- 
tuted homogenates differed considerably with respect to the relative pro- 
portions of sucrose and buffer that they contained, inasmuch as the whole 
homogenate, while prepared in sucrose, was brought to the desired volume 
with buffer, whereas the reconstituted homogenate contained a much higher 
per cent of sucrose contributed by the supernatant fraction. 

After determining that formaldehyde could be recovered quantitatively 
from either buffer or sucrose, the incubation of dimethylglycine and sar- 
cosine was repeated with the whole homogenate, the reconstituted homog- 


TaBLe III 


Cellular Distribution of Enzymes Producing Formaldehyde from Dimethylglycine and 
Sarcosine 
Each incubation mixture consisted of 0.225 mm of substrate and the material 
prepared from 2.5 gm. of liver. The results are expressed as mg. of formaldehyde 
isolated as formaldemethone. 


Substrate Medium Homogenate’ Nuclei | Mitochon- Supernatant Recon- 


dria stituted 
Dimethylglycine | Buffer* 2.0 0.2 3.2 0 1.8 
ee Sucroset 2.2 0.4 1.8 0 2.2 
Sarcosine Buffer* 6.4 2.5 | 6.8 0 2.8 
“ Sucroset 3.0 2.1 | 5.6 0 3.0 


* The per cent of the potassium phosphate buffer in the medium for the several 
fractions was as follows: homogenate, 88; nuclei and mitochondria, 100; supernatant 
and reconstituted fractions, 50. The remaining volume in each fraction consisted 
of the sucrose solution. 


+ The medium for all fractions consisted of 83 per cent sucrose solution and 17 
per cent buffer. 


enate, and the several fractions suspended in a medium comprised of 83 
per cent sucrose solution and 17 per cent buffer. Under these conditions, 
the quantity of formaldehyde isolated from the reconstituted homogenate 
agreed with the quantity obtained from the original homogenate (Table 
III), thus demonstrating that there had been no loss of activity during 
the fractionation. These experiments show that the enzymes that oxidize 
dimethylglycine and sarcosine to formaldehyde reside primarily in the 
mitochondria or large granules of the liver cells. Microscopically, the 
mitochondria were free from nuclei and cells and consisted of granules 
and aggregates of granules. This material was stained by Janus green 
as shown by high power examination. When viewed under oil immersion, 
many of the granules were seen to be brightly stained, while others, par- 
ticularly those in the aggregates, were more faintly and diffusely colored. 
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As mentioned above, formaldehyde was isolated also when sarcosine 
and dimethylglycine were incubated with the so called nuclear fraction, 
Microscopic examination of this fraction revealed that it contained, in 
addition to nuclei, some red blood cells, fragments of liver cells (containing 
mitochondria, as judged by staining with Janus green), and small clumps 
of intact liver cells. Resuspension and recentrifugation of the nuclear 
fraction in sucrose for as many as seven times failed to reduce the accumu- 
lation of formaldehyde by more than 25 per cent. Red blood cells were 
eliminated as the source of the formaldehyde-producing enzymes by in- 
cubating rat erythrocytes with sarcosine with negative results. Accord- 
ingly, nuclei were prepared by the more recent procedure of Hogeboom, 
Schneider, and Striebich (9). In confirmation of their description, this 
nuclear preparation was found to be uncontaminated with liver cells and 
discernible cell fragments, to contain no material staining with Janus green, 
and to contain only a small percentage of red blood cells. When sarcosine 
or dimethylglycine was incubated with this nuclear preparation, no form- 
aldehyde was isolated. 

Inhibition of Sarcosine Oxidation—It will be noted from Table III that 
the ratio of formaldehyde isolated from the impure nuclear fraction to 
formaldehyde isolated from the mitochondria was higher for sarcosine 
than for dimethylglycine. This finding suggested that the systems oxi- 
dizing sarcosine and dimethylglycine were not identical in their distribu- 
tion. Consequently, a compound was sought that would inhibit the 
conversion of sarcosine to formaldehyde without interfering with the oxi- 
dation of dimethylglycine. Because of its structural resemblance to sar- 
cosine, it seemed that methoxyacetate might be such a compound, and 
this proved to be the case. As is shown in Table IV, methoxyacetate 
markedly reduced the yield of formaldehyde from sarcosine, but did not 
reduce the accumulation of formaldehyde when dimethylglycine was the 
substrate. It has been found in other experiments (10) that methoxy- 
acetate lowers the oxygen consumption and the production of glycine and 
serine from sarcosine. Acetate, propionate, and butyrate have a similar 
action in decreasing order of effectiveness. 

When dimethylglycine is the substrate, methoxyacetate also inhibits 
the formation of glycine and serine, even though formaldehyde accumu- 
lation is not affected. Moreover, when methoxyacetate is incubated with 
dimethylglycine, there occurs an accumulation of sarcosine which otherwise 
is not demonstrable by paper chromatography. These results indicate 
that dimethylglycine is oxidized in the particulate fraction of liver to form- 
aldehyde and sarcosine by an enzyme that is either not identical with sar- 
cosine oxidase or, alternatively, that sarcosine oxidase possesses a second 
and different active center for the oxidation of dimethylglycine. Further- 
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more, the results indicate that both of the methyl groups of dimethylgly- 
cine are sources of formaldehyde. 

While the experiments reported in this paper were designed to demon- 
strate sources of formaldehyde by direct isolation (or of 1-carbon com- 
pounds exhibiting its oxidation level), and to determine the cellular dis- 
tribution of enzyme systems responsible for its production, they also 
provide information concerning pathways for the metabolism of methyl 
groups. It has been shown by du Vigneaud and his coworkers (11) that 
the methyl groups of choline, betaine, and methionine are biochemically 
interchangeable and that monomethyl- and dimethylaminoethanol are 
converted to choline in the body (6). Dubnoff (12) has found that choline 
is oxidized to betaine prior to the methylation of homocysteine, and Muntz 


TABLE IV 
Effect of Methoxyacetate and Acetate on Formaldehyde Production from Sarcosine and 
Dimethylglycine 
0.225 mm of substrate and 1.125 mm of inhibitor were incubated with the washed 


sediment from 2.5 gm. of liver in the potassium phosphate buffer at pH 7.8. The 
final volume was 22 ml. 


Yield of formaldemethone* 





Inhibitor 
Sarcosine Dimethylglycine 
mg. mg. 
RGN ASSET ite ne ee aE Cee | 6. 2.2 
Methoxyacetates 600i. 0.canc cae 1.1 2.3 
BGOUR UO es 6 cc OO ere, ae oes wa nated | 3.0 3.5 


* Averages of triplicate determinations; yields agreed within 10 per cent. 


(7) has presented evidence that dimethylglycine is a product of the trans- 
methylation reaction. Evidence is presented in the present paper that, 
in the rat, dimethylglycine is oxidized by the mitochondria to formalde- 
hyde and sarcosine. Sarcosine in turn is converted to formaldehyde by 
the mitochondria. Thus, a pathway has been established for the oxida- 
tion of two of the three methyl groups of choline and betaine. This find- 
ing is in harmony with our earlier observation that the methyl carbons of 
betaine and of methionine are sources of the methyl group of sarcosine in 
the living animal (2). 


EXPERIMENTAL 


Substrates—The sarcosine was the free base supplied by Hoffmann-La 
Roche. The methanol, dimethylaminoethanol, and monomethylamino- 
ethanol were distilled at atmospheric pressure and the fractions distilling 
at 60-64°, 125-126°, and 148-150°, respectively, were collected. The 
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electrotitration curves of the aminoethanols corresponded to the theo- 
retical curves. Dimethylglycine was synthesized by the method of Mi- 
chaelis and Schubert (13) from monochloroacetic acid and dimethylamine 
and, after five recrystallizations from alcohol, gave the following analysis, 


C,H,0:.NNa. Calculated, C 38.40, H 6.45, N 11.20; found, C 38.46, H 6.48, N 11.21 


None of these compounds contained formaldehyde as indicated by an 
absence of a precipitate when treated with dimedon. 

Buffers—In our initial experiments 0.05 m Sgrensen’s phosphate buffer 
(containing Na,HPO, and KH,PO,) of pH 7.8 was employed. As the 
investigation progressed, it appeared desirable to construct a buffer that 
resembled the constitution of the intracellular fluid of rat liver more closely 
both with respect to ionic species and ionic strength. It was calculated 
from the data of Fenn (14) that rat liver contains 212 m.eq. of K and 147 
m.eq. of acid-soluble phosphorus per liter of cell water. According to 
Gamble (15) the anionic groupings on cell protein are equivalent to 33 per 
cent of the total cations of cell water. On this basis 70 m.eq. of cell K 
would be matched against protein and 142 m.eq. against other anions, a 
figure in agreement with the 147 m.eq. of P found by Fenn. Accordingly, 
our buffer was made up of 0.075 m potassium phosphate which contains 
approximately 150 m.eq. each of K and phosphate ions at pH 7.8. In 
addition, MgSO, and CaSQ, were added in quantities that were found to 
be soluble at pH 8.8; 7.e., 0.001 m and 0.0001 M, respectively. Thus, the 
buffer contained the major inorganic ionic constituents of intracellular 
fluid and was devoid of Na and Cl ions. 

Liver Fractions—Livers from decapitated male and female rats, weigh- 
ing from 150 to 200 gm., were used as the source of the enzyme prepara- 
tions. The whole homogenate was prepared by homogenizing a given 
weight of liver with a corresponding volume of buffer at pH 7.8 in the 
Waring blendor for 1 minute and straining the mixture through a double 
layer of cheese-cloth. It was assumed that 1 ml. of this mixture contained 
0.5 gm. of liver. 5 ml. portions of this preparation were pipetted into 
125 ml. Erlenmeyer flasks and 15 ml. of buffer were added. The pH of 
the mixture was checked and, when desired, it was raised to 8.8 by the 
addition of 0.1 n KOH. The contents of each flask were warmed to ap- 
proximately 37° in a hot water bath and the flasks were then immediately 
clamped to a shaker in a 37° constant temperature room. After shaking 
for 10 minutes, 0.225 mm of substrate, dissolved in 2 ml. of buffer at 37°, 
was added to the flasks. 

The sediment or particulate fraction of liver was prepared by centrifug- 
ing the whole homogenate, diluted so that 4 ml. contained 1 gm. of liver, 
in an International PR-1 refrigerated centrifuge with the angle head No. 
823 at 1670 X g (calculated for the end of the centrifuge tube) for 10 min- 
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utes at 0°. At the end of this time four layers were discernible in the 
centrifuge tube; a bright red button at the bottom, a larger dark red layer, 
a viscous buff-colored layer, and a relatively clear top layer. The upper- 
most layer and the buffy layer were removed by decanting. This material 
constituted the supernatant fraction. The sediment remaining in the 
tube was resuspended in a volume of buffer equal to the volume of the 
supernatant fraction and centrifuged for 3 minutes and the supernatant 
fluid was poured off. The sediment was washed two more times in this 
fashion. Both the washed sediment and the supernatant fractions were 
added to incubation flasks in quantities equivalent to 2.5 gm. of liver and 
the volume was adjusted to 20 ml. 

The mitochondria, nuclei, and microsomes of liver were separated by 
centrifugation in 0.25 m sucrose according to the method of Schneider and 
Hogeboom (8) after homogenization in sucrose in the Potter and Elvehjem 
(16) apparatus. Because of the relatively large volume of the supernatant 
(microsomal) fraction obtained in this procedure, the volume of the in- 
cubation mixture for all fractions and for the reconstituted preparation 
was brought to 42.5 ml. In each instance this volume contained the 
material obtained from 2.5 gm. of liver. 

Formaldehyde Isolation—All of the preparations from either the buffer 
or sucrose homogenates were incubated with substrate for 1 hour, after 
which time the reaction was stopped by precipitating the protein with an 
equal volume of 20 per cent trichloroacetic acid. The protein was separ- 
ated by centrifugation and washed once with 10 ml. of 10 per cent trichlor- 
oacetic acid. The supernatant fluid from the washing was added to the 
original supernatant fraction and the combined solutions were neutralized 
with 10 per cent NaOH. The pH was adjusted to 4.5 with acetic acid 
with methyl red as the indicator. The solution was filtered through 
Whatman No. 52 paper and 20 ml. of a 0.4 per cent solution of dimedon 
were added to each flask. After standing at room temperature for 18 
to 24 hours, the precipitate was collected on a filter paper disk by filtering 
through the apparatus of Henriques et al. (17). The precipitate was 
washed twice with 25 ml. portions of water and was then dried for 5 min- 
utes at the pump under an infra-red lamp. The disk containing the 
precipitate was then removed and dried for 1 hour under the lamp. 

The crystals of formaldemethone dissolved readily in alcohol and were 
recrystallized by the addition of water. Material recrystallized three 
times in this fashion was used for melting point determinations. The 
yields of formaldehyde reported are for non-recrystallized material cor- 
rected for blanks obtained from the same liver fraction incubated in the 
absence of a substrate. The correction was approximately 0.1 mg. and 
was due to an amorphous material that was insoluble in alcohol. In 
suspension this material was easily distinguished from formaldemethone, 
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whose crystals are readily discernible in quantities of less than 0.1 mg. in 
a 100 ml. volume. In experiments in which 6 mg. of formaldehyde were 
added to whole homogenates and the mixture immediately deproteinized, 
90 per cent of the formaldehyde was recovered as the dimedon derivative. 


The authors wish to acknowledge the technical assistance of Mrs. E. 
Gregory Ashe. 


SUMMARY 


Formaldehyde has been isolated, as the dimedon derivative, from di- 
methylaminoethanol, dimethylglycine, sarcosine, and methanol incubated 
with liver homogenates prepared in buffer. 

Fractionation of the homogenate by centrifugation revealed that both 
the supernatant fraction and washed sediment were required for the con- 
version of dimethylaminoethanol to formaldehyde. On the other hand, 
formaldehyde was isolated when methanol was incubated with the super- 
natant fraction alone or when dimethylglycine and sarcosine were in- 
cubated with the washed sediment. With the latter substrates, the addi- 
tion of the supernatant fraction reduced the accumulation of formaldehyde. 

When the components of liver cells were prepared by differential cen- 
trifugation in sucrose, the enzyme systems responsible for formaldehyde 
production from dimethylglycine and sarcosine were located in the mito- 
chondria. Formaldehyde was not isolated when either of these substrates 
was incubated with a purified nuclear fraction or with the supernatant 
fraction containing the microsomes. 

The enzyme reactions that catalyze the oxidation of dimethylglycine 
and sarcosine to formaldehyde have been distinguished through inhibition 
experiments. It has been found that methoxyacetate and acetate inhibit 
the oxidation of sarcosine to formaldehyde. However, when dimethyl- 
glycine is incubated in the presence of these ions, its oxidation is not in- 
hibited and formaldehyde and sarcosine accumulate. .Thus both of the 
methyl groups of dimethylglycine appear to be sources of formaldehyde 
in mitochondrial preparations, one by direct oxidation and the other via 
sarcosine formation. 

When monomethylaminoethanol, choline, betaine, and methionine were 
incubated with liver homogenates, formaldehyde was not isolated. The 
experimental results are discussed with respect to pathways of oxidation 
of labile and non-labile methyl groups. 


BIBLIOGRAPHY 


1. Mackenzie, C. G., J. Biol. Chem., 186, 351 (1950). 
2. Horner, W. H., and Mackenzie, C. G., J. Biol. Chem., 187, 15 (1950). 





vere 
The 


tion 





oo 


10. 
i 
12. 
13. 
14. 
15. 


16. 
. Henriques, F. C., Jr., Kistiakowsky, G. B., Margnetti, C., and Schneider, W. G., 


MACKENZIE, JOHNSTON, AND FRISELL 753 


. Handler, P., Bernheim, M. L. C., and Klein, J. R., J. Biol. Chem., 188, 211 (1941). 
. Rapoport, I. A., J. Gen. Biol., U. S. S. R., 8, 359 (1947); Chem. Abstr., 42, 1977 


(1948). 


. Kaplan, W. D., Science, 108, 43 (1948). 
. du Vigneaud, V., Chandler, J. P., Simmonds, S., Moyer, A. W., and Cohn, M., 


J. Biol. Chem., 164, 603 (1946). 


. Muntz, J. A., J. Biol. Chem., 182, 489 (1950). 
. Schneider, W. C., and Hogeboom, G. H., J. Biol. Chem., 183, 123 (1950). 
. Hogeboom, G. H., Schneider, W. C., and Striebich, M. J., J. Biol. Chem., 196, 


111 (1952). 

Frisell, W. R., and Mackenzie, C. G., Federation Proc., 12, 206 (1953). 

du Vigneaud, V., A trail of research, Ithaca (1952). 

Dubnoff, J. W., Arch. Biochem., 24, 251 (1949). 

Michaelis, L., and Schubert, M. P., J. Biol. Chem., 115, 221 (1936). 

Fenn, W. O., J. Biol. Chem., 128, 297 (1939). 

Gamble, J. L., Chemical anatomy, physiology and pathology of extracellular 
fluid, Cambridge (1951). 

Potter, V. R., and Elvehjem, C. A., J. Biol. Chem., 114, 495 (1936). 


Ind. and Eng. Chem., Anal. Ed., 18, 349 (1946). 





bc 
bi 


co 
an 
su 


di 


po 
en 


the 
Su; 
me 
gre 








YIM 





A MANOMETRIC ASSAY FOR CHYMOTRYPSIN* 


By ROBERT E. PARKS, Jr.,f anp G. W. E. PLAUT 


(From the Department of Biochemistry, College of Agriculture, and the Institute for 
Enzyme Research, University of Wisconsin, Madison, Wisconsin) 


(Received for publication, February 16, 1953) 


For a number of years it was assumed that proteolytic enzymes could 
attack only carbon-nitrogen linkages, since these are the bonds which 
are split during enzymatic digestion of proteins. However, in 1948 
Schwert e¢ al. (1) made the unexpected observation that chymotrypsin 
possesses powerful esterase activity for esters of certain amino acids in 
addition to its hydrolytic activity for peptide, amide, hydrazide, and 
hydroxamide bonds. Indeed, it has been shown (2) that the carbon- 
oxygen bonds of esters of a particular amino acid are often attacked more 
rapidly than are the carbon-nitrogen bonds of nitrogenous derivatives of 
the same amino acid. 

This discovery has made possible the measurement of chymotrypsin 
activity by a manometric method similar to those previously employed for 
the assay of other enzymes such as cholinesterase (3), serum esterase (4), 
and hexokinase (5). In this procedure the enzymatic liberation of car- 
boxyl groups leads to evolution of carbon dioxide from a bicarbonate 
buffer. The evolved gas is measured manometrically, the rate of gas 
production being proportional to ester hydrolysis. 

Such an assay procedure has been developed for chymotrypsin. It 
combines many desirable features: (1) it is highly sensitive, reproducible, 
and easily performed; (2) an inexpensive, easily synthesized, water-soluble 
substrate is employed; (3) zero order kinetics are followed, enabling the 
direct comparison of reaction rates without the necessity of resorting to 
first order velocity constants; (4) the use of the Warburg apparatus makes 
possible the recording of reaction rates of a large number of concurrent 
enzyme samples. 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. This work was presented in part before the 121st meeting of 
the American Chemical Society at Milwaukee, Wisconsin, March 30 to April 3, 1952. 
Supported in part by a grant-in-aid from the American Cancer Society on recom- 
mendation of the Committee on Growth of the National Research Council and by a 
grant from the Wisconsin Alumni Research Foundation. 

t Postdoctoral Fellow of the American Cancer Society. 
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EXPERIMENTAL 
Materials 


Enzyme—Salt-free crystalline bovine chymotrypsin purchased from 
Armour and Company was used throughout. 

Substrates—.-Phenylalanine ethyl ester hydrochloride (PhEE) was pre- 
pared by a modification of the classical Fischer esterification method (6). 
The ester was isolated and recrystallized as the hydrochloride from ab- 
solute ethanol by the addition of ethyl ether; m.p. 147—-148° (7). 

L-Tyrosine ethyl ester (TEE) was purchased from the Eastman Kodak 
Company. 

N-Acetyl-L-phenylalanine ethyl ester (APhEE) was prepared by a pro- 
cedure similar to that used by Fischer for the synthesis of chloroacetyl- 
tyrosine ethyl ester (8). 5 gm. of PhEE were overlaid with 50 ml. of 
chloroform. 20 ml. of 1 nN NaOH were added with stirring and cooling 
in an ice bath. 10 ml. of acetic anhydride in 20 ml. of chloroform were 
added in small aliquots over a 20 minute period, with vigorous shaking and 
cooling. When approximately one-half of the acetic anhydride had been 
used, 2.25 gm. of sodium carbonate in 10 ml. of water were added. Upor 
completion of the reaction the chloroform layer was removed, dehydrated 
with anhydrous sodium sulfate, and evaporated to dryness on a steam 
bath. The residue was recrystallized from petroleum ether; m.p. 90.5- 
91.5°; [a] +13° (c 2 per cent in methanol). 

N-Acetyl-L-tyrosine ethyl ester (ATEE) was prepared by a procedure 
similar to that described for APhEE except that stoichiometric amounts 
of TEE and acetic anhydride were used. It was recrystallized from di- 
lute methanol; m.p. 79-80° (9). Millon’s test was positive rapidly at 25°, 
indicating the presence of a free phenolic group (10). 

O,N-Diacetyl-L-tyrosine ethyl ester (DATEE) was synthesized from 
TEE by the procedure described for APhEE. It recrystallized as delicate 
needles from petroleum ether; m.p. 88-89° (11). Millon’s test is negative 
at first; the color develops slowly. This is in accord with behavior re- 
ported for diacetyltyrosine (10). 


Procedure 


The assay is performed in 15 ml. single side arm Warburg vessels in a 
total fluid volume of 3 ml. at 30°. The enzyme solution is placed in the 
side arm and its final volume is brought to 0.3 ml. with water. It is ad- 
visable to use carefully calibrated micro pipettes to dispense the enzyme 
since this volume is critical in obtaining the most accurate results. If the 
enzyme solution to be assayed contains appreciable amounts of acid, it 
is necessary to neutralize it to the pH optimum of the enzymatic reaction, 
the pH optimum depending upon the nature of the substrate employed. 
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The main compartment contains the substrate and bicarbonate solu- 
tions. PhEE, the most useful of the substrates tested, is added in 2.0 
ml. of a 0.0375 m solution (prepared and adjusted to pH 6.5 immediately 
before use). 0.7 ml. of an 0.18 m solution of sodium bicarbonate is then 
added. Final concentrations of 0.025 m for PhEE and 0.042 m for sodium 
bicarbonate are thus obtained. This concentration of bicarbonate with 
an atmosphere of 100 per cent carbon dioxide results in a pH of 6.5. Other 
pH values between 6.0 and 7.0 may be obtained by altering the bicarbon- 
ate concentration (12). pH values above 7.0 may be achieved by the use 
of 5 per cent carbon dioxide in conjunction with an appropriate change of 
the bicarbonate concentration. 

After a 10 minute period of gassing with 100 per cent carbon dioxide 
followed by a 5 minute period of temperature equilibration in the water 
bath, the enzyme is tipped into the main compartment. It has been 
found advisable to take the zero time reading 2 or 3 minutes after tipping 
in the enzyme, since irregularities occasionally occur during this period. 
Manometric readings may be taken every 10 minutes for small amounts 
of enzyme and at shorter intervals for larger amounts of enzyme. 


RESULTS AND DISCUSSION 
Tests with PhEE As Substrate—Fig. 1 shows the result of a typical 


experiment in which 0.025 m PhEE was hydrolyzed by chymotrypsin in 


concentrations varying from 0.02 to 0.2 mg. per ml. of reaction mixture. 
It may be seen that at this substrate concentration the reaction is linear 
with time until about 60 per cent of the ester has been hydrolyzed.2 This 
period of linearity may be extended by increasing the concentration of 
PhEE. However, there is a practical limitation to the substrate con- 
centration that can be used since, as will be discussed below, PhEE has 
significant buffering ability which causes retention of carbon dioxide. 
It may be seen in Fig. 2 that the rate of carbon dioxide evolution is 
proportional to the amount of enzyme over a wide range of enzyme con- 
centrations. Under the conditions of this experiment carbon dioxide was 
evolved at a rate of 700 ul. per minute per mg. of chymotrypsin. For 
routine use it is advisable to avoid concentrations of crystalline chymo- 
trypsin greater than 0.1 mg. per ml. of reaction mixture, since above this 
amount the rapid gas evolution makes accurate reading of the manometers 
difficult. Rates of carbon dioxide evolution lower than expected often 
occur when amounts of enzyme less than 0.01 mg. per ml. of reaction mix- 


1 Since the bicarbonate solution is strongly alkaline prior to gassing, it may pro- 
duce significant inactivation if it accompanies the enzyme in the side arm. 

*The Michaelis constant under these conditions is 0.002, thus permitting an 
appreciable period of apparent zero order kinetics with 0.025 m PhEE. 
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ture are employed. This appears to be due to enzyme inactivation. 
Since the lower limit of usefulness of the assay is determined by the in- 
stability of the enzyme in very dilute solutions, there is little to be gained 
by using a substrate which is more active than PhEE. 

A considerable advantage which PhEE holds over other substrates 
tested lies in the high solubility in water of the ester as well as its hy- 
drolysis products, ethanol and L-phenylalanine. 
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Fig. 1. Hydrolysis of 0.025 m t-phenylalanine ethyl ester by various concentra- 
tions of crystalline bovine chymotrypsin. The amounts of enzyme employed in mg. 
of crystalline chymotrypsin per ml. of reaction mixture are indicated by numbers on 
each curve; e.g., 0.02 indicates 0.02 mg. of crystalline chymotrypsin per ml. of reac- 
tion mixture. The atmosphere was 100 per cent carbon dioxide, and sodium bi- 


carbonate was added to give a final concentration of 0.042 m and pH 6.5. Temper- 
ature 30°. 


Fig. 2. Rate of carbon dioxide evolution in microliters per minute versus concen- 


tration of crystalline chymotrypsin in mg. per ml. of reaction mixture. Data from 
the experiment described in Fig. 1. 


The pH optimum when PhEE is used as the substrate is 6.5, which is 
in agreement with the result of Goldenberg and Goldenberg (13). This 
is an asset when PhEE is compared with certain other substrates which 
have alkaline pH optima, since chymotrypsin is more rapidly inactivated 
in alkaline solution (14). 

Tests with TEE As Substrate—When 0.025 m TEE was hydrolyzed by 
chymotrypsin at pH 6.5, carbon dioxide was evolved at an initial rate of 
2200 ul. per minute per mg. of crystalline enzyme. While TEE is more 
active than PhEE as a substrate, it has disadvantages stemming from the 
low water solubility of both the ester and its hydrolysis product, L-ty- 
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rosine. ‘TEE is sufficiently soluble in water to permit its use in concen- 
trations no greater than 0.025 m. Also, upon enzymatic hydrolysis, car- 
bon dioxide evolution proceeds in a linear fashion until only about 400 
ul. of gas have been given off. Thereafter the rate becomes erratic, 
usually decreasing rapidly. This effect appears to be due to saturation 
of the reaction mixture with L-tyrosine, since crystals of the amino acid 
begin to form in the Warburg vessels at this time. 

Tests with ATEE, APhEE, and DATEE As Substrates—APhEE and 
ATEE are the most active substrates tested. The maximal rates of car- 
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Fic. 3. The buffering effect of PhEE. Warburg vessels contained 0.042 m sodium 
bicarbonate. The concentration of PhEE is indicated on the abscissa. Final fluid 
volume 3.0 ml. Temperature 30°. The gas phase was 100 per cent COs, resulting 
ina final pH of 6.5. After temperature equilibration 10 um of phenylacetic or hydro- 
chloric acid were tipped into the vessels and the amount of carbon dioxide evolved 
was measured. The theoretical amount of carbon dioxide liberated was determined 
by tipping 10 um of the acid into identical vessels which contain no PhEE. 


bon dioxide evolution obtained during enzymatic hydrolysis were 3700 
and 18,000 ul. per minute per mg. of crystalline enzyme for APhEE and 
ATEE respectively. Therefore, quantities of chymotrypsin less than 0.01 
mg. per ml. of reaction mixtures must be used. Both substrates have pH 
optima for enzymatic hydrolysis of 8.2. This alkaline pH in conjunction 
with the small amount of enzyme necessary for activity measurements 
results in considerable enzyme inactivation. This makes it impossible 
to obtain proportionality between rates of carbon dioxide evolution and 
enzyme concentration. If some means of stabilizing chymotrypsin under 
these conditions can be found, it will be possible to increase the sensitivity 
of the assay considerably as compared with the use of PhEE as the sub- 
strate. Of course, the commonly employed device of adding albumin or 
some other protein to increase stability cannot be used since chymotrypsin 
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is a proteolytic enzyme. Both APhEE and ATEE are relatively insoluble | 


in water, making them inconvenient for routine use. 

DATEE was found to be very poorly soluble in water and was hy- 
drolyzed slowly by chymotrypsin. Therefore, it was excluded from fur- 
ther consideration as a potentially useful substrate. 

Effect of Substrate Buffering—It was observed that if hydrolysis of 0.025 
M PhEE was allowed to go to completion only 75 per cent of the expected 
amount of carbon dioxide was evolved, assuming stoichiometric evolution 
of gas with ester hydrolysis. The explanation for this is found in the 
buffering abilities of PhEE and its hydrolysis product, L-phenylalanine, 
Fig. 3 shows the result of tipping 10 um of hydrochloric and of phenylace- 
tic acids into Warburg vessels containing varying amounts of PhEE and 
a bicarbonate buffer. It is seen that with phenylacetic acid, a weak acid 
reasonably similar to the acid liberated during enzymatic hydrolysis of 
PhEE, only 75 per cent of the theoretical amount of carbon dioxide 
is given off in the presence of 0.025 m PhEE. The theoretical amount 
which should have been evolved was determined by tipping an identical 
amount of acid into a vessel containing no PhEE. Suitable corrections 
for this buffer error will have to be made if the precise stoichiometry of 
the enzymatic reaction is to be determined. 

Substrate buffering is also significant with TEE. However, substrates 
such as ATEE and APhEE have negligible buffer activity because they 
have neutral amide linkages in the place of the basic primary amino 
groups of TEE and PhEE. 


SUMMARY 


1. A sensitive, easily performed, manometric assay for chymotrypsin 
has been developed which permits continuous activity measurements on 
many concurrent enzyme samples. The method is based on the esterase 
activity of chymotrypsin for certain amino acid esters. The liberation 
of carboxyl groups during ester hydrolysis causes the evolution of carbon 
dioxide from a bicarbonate buffer. This evolved gas may be measured 
manometrically in the Warburg apparatus. The rate of gas evolution is 
proportional to ester hydrolysis. 

2. t-Phenylalanine ethyl ester is the most satisfactory substrate tested. 
It is inexpensive, easily synthesized, and highly soluble in water. 1-Ty- 
rosine ethyl ester, N-acetylphenylalanine ethyl ester, and N-acetyltyrosine 
ethyl ester are more rapidly hydrolyzed by chymotrypsin than is L-phenyl- 
alanine ethyl ester. However, their usefulness as substrates is limited by 
the poor solubility in water of both the esters and their hydrolysis prod- 
ucts, as well as by enzymatic instability in the very low concentrations 
of chymotrypsin which must be employed with these substrates. 
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LABILE METHYL GROUP AND ITS SYNTHESIS DE 
NOVO IN RELATION TO GROWTH IN CHICKS* 
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PHYLLIS SMITH 


(From the Lankenau Hospital Research Institute and The Institute for Cancer Research, 
Philadelphia, Pennsylvania) 


(Received for publication, December 11, 1952) 


It has been demonstrated that the chick, like the rat and the mouse, 
possesses the ability to synthesize the “labile methyl” group of choline 
and creatine de novo utilizing formate, the a-carbon of glycine, or the B- 
carbon of serine (1). The utilization of the carbon of the methyl group of 
methionine by the chick for the synthesis of choline has also been demon- 
strated by the tracer technique (2). No direct evidence is available, how- 
ever, to show whether the methyl groups of choline or betaine are utilized 
by the chick for transmethylation reactions. Such information appears 
important for the elucidation of the conclusions derived from growth 
studies on chicks which were kept on diets deficient in methionine but 
containing homocystine and either choline or betaine. 

Such studies also help clarify the réle of certain vitamins, such as vita- 
min By and folic acid, in the synthesis of the methyl group de novo and 
in the utilization of the methyl groups of choline, betaine, and methionine 
for transmethylation reactions in the chick. Growth responses to the 
addition or withdrawal of various metabolites from the diet of the chick, 
or other animals, are good criteria of the nutritive value of these metabo- 
lites to the animals, but such measurements are hardly sufficient for draw- 
ing unequivocal conclusions regarding the metabolic reactions which 
elicited such growth responses. At best, they could serve only as leads 
for further study. 

Recently, Jukes and Stokstad (3) reported an extensive study of growth 
responses of chicks to homocystine, betaine, choline, methionine, vitamin 
By, and folic acid on diets which were deficient in several respects. By 
means of a “factorial” design of adding the supplements these authors 
claimed to have measured their interrelationships. The principal con- 
clusions which were made by them were that vitamin By: is involved in 
the methylation of homocystine by the methyl group of choline to yield 


*This work was aided by grants from the National Cancer Institute, United 
States Public Health Service, Bethesda; from The Borden Company, New York; 
and by an Institutional Grant from the American Cancer Society. 


763 








764 LABILE METHYL GROUP IN CHICKS 


methionine in amounts sufficient to account for the good growth rates 
obtained and that choline is an efficient methyl group donor in the chick. 

The present study deals with the question of the synthesis of the labile 
methyl group de novo and of the utilization of the carbon of the methyl 
groups of choline, betaine, and methionine for transmethylation reactions 
in chicks maintained over a period of 5 weeks on diets of varying nutritive 
value. The tracer technique as well as the measurements of growth re- 
sponses was employed. 


EXPERIMENTAL 


Pullets (barred Plymouth rock * New Hampshire) 3 days old were 
segregated in groups of six to ten, each group having an average weight of 
42 to 45 gm. per chick, and kept in heated battery brooders in an air-con- 
ditioned room. The diets were mixed at frequent intervals in 3 kilo 
batches, and the main supply was kept in a refrigerator. The composi- 
tion of the basal diet, in per cent, was as follows: soy bean protein,! 23.0; 
corn-starch, 61.7; inorganic salts,? 6.0; corn oil, 5; succinylsulfathiazole, 
1.0; L-cystine, 0.3; glycine, 1.0; and agar, 2.0. The following vitamins 
were added per kilo of diet: a tocopherol 200 mg.; vitamin A, 65,000 
U.S. P. units; vitamin D, 1300 U. 8. P. units; thiamine hydrochloride, 
10 mg,; riboflavin, 10 mg.; pyridoxine hydrochloride, 10 mg.; calcium pan- 
tothenate, 50 mg.; niacinamide, 50 mg.; biotin, 1 mg.; p-aminobenzoic 
acid, 30 mg.; inositol, 1 gm.; menadione, 5 mg.; and, folic acid, 10 mg. 
Whenever indicated in Table I, vitamin By was added in the concentra- 
tion of 200 y per kilo of diet. Succinylsulfathiazole was added to this 
diet for the purpose of comparison of the results with those which were 
obtained on the same diet from which folic acid was omitted (to be pub- 
lished later). 

The plan of the experiments was to feed the chicks the basal diet or the 
same diet which was supplemented with homocystine, dimethylethanol- 
amine, betaine, and vitamin By, singly or in combinations, for 5 weeks, 
and record the gain in weight and the perosis “score;’’ to inject intra- 
peritoneally a standard dose of either methionine-CH3-C", choline- 
CH;-C", or betaine-CH;-C" at the end of the 5 week period, and assay the 
tissue choline and creatine for radioactivity. Since the basal diet was 
deficient in methionine, choline, and vitamin By, the growth responses of 
the chicks to various supplements and the extent of radioactivity of the 


1 The product of The Glidden Company, Chicago. 

* The composition of the salt mixture, in per cent, was as follows: CaCOs, 25.0; 
K2HPO,, 15.0; Ca3(PO,)2, 21.70; NaCl, 14.70; NasHPO,-12H,0, 12.18; MgSO,-7H:0, 
8.30; Fe citrate-6H.0, 2.30; MnSO,-4H.20, 0.681; KI, 0.068; ZnCle, 0.0338; H;BOs, 
0.015; CoSO,-7H20, 0.0017; and CuSO,, 0.021. 
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isolated choline and creatine would furnish some information regarding 
the relationship, if there was any, between the growth responses, the extent 
of transmethylation, the synthesis of the methyl group de novo, and the 
dietary conditions under which the data were obtained. 

Homocystine was prepared from methionine (4). Methionine-CH;-C"“ 
was synthesized from homocystine and methyl iodide-C™ (5). Betaine- 
CH;-C“ was prepared from dimethylglycine and methyl iodide-C™ (6). 
Choline-CH;-C" was obtained from Dr. B. M. Tolbert of the Radiation 
Laboratory, University of California, through the Atomic Energy Com- 
mission. The specific activities of the radiocompounds, counted as BaCO; 
on combustion, in counts per minute per dish of carbon at infinite thick- 
ness, were as follows: methionine-CH;-C"™, 1.83 X 10°; betaine-CH;-C%, 
1 X 10°; and choline-CH;-C%, 9.76 X 10’. The isolated derivatives of 
choline and creatine were counted as such, and the values were converted 
to those which would have been obtained had the compounds been counted 
as BaCO; upon combustion, by applying the appropriate correction factors 
which had been obtained empirically (7). A Geiger-Miiller thin mica 
window counter was employed, and the samples were counted to an ac- 
curacy of about +5 per cent. The counts were expressed in terms of 
counts per minute per dish of carbon at infinite thickness. In order to 
express the values obtained in a uniform fashion, the relative specific ac- 
tivity was divided by the dose of administered radiocompound in milli- 
moles per 100 gm. of live weight of the birds to obtain the standard specific 
activity recorded in Table I. 

The radiocompounds, dissolved in water, were injected intraperitoneally 
into the birds in a single dose (varying from 2 X 10-? to 5 X 107% mM per 
100 gm. of weight), the birds were killed 20 hours later, the feathers and 
the skin were removed, and the carcasses of the birds in the group were 
pooled, ground up, and extracted with hot ethanol for 8 to 10 hours in a 
continuous extractor. From the extract choline was isolated as the rein- 
eckate (8), and creatine and creatinine as the creatinine potassium picrate 
(9). Essentially the same results were obtained on repetition of the ex- 
periments with white Leghorn or the New Hampshire red strain of chicks, 
and, to save space, only the results obtained on barred Plymouth Rock X 
New Hampshire strain are presented. 


Results 


It will be observed from data in Table I that under all dietary con- 
ditions the addition of vitamin By, to the diet increased the rate of growth. 
Although our chicks were hatched from eggs of hens which, as far as we 
know, ingested an apparently complete diet, all of them grew better if 
vitamin By was included in the diet, indicating that a deficiency in the 
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birds which were given diets free of vitamin By, was developed under our 
experimental conditions. The possibility must be left open, however, 
that the severity of the deficiency and the extent of vitamin By depletion 
would, perhaps, have been more advanced in the chicks had they been 
































TABLE I 
Growth of Chicks and Synthesis of Choline and Creatine under Various Dietary 
Conditions 
Standard specific activity < 100t 
Gain in ete la 
Group No. Supplement* weight ag Isotope injectedt —- vida — 
5 wks. = . 
Choline | — Choline = 
aS Oey Ar Se ee Bas a 
12 None 149, 82 | Methionine-CH;-C' 21.0 | 10.8 | 16.1 13.4 
3,4 H 198, 67 ae 19.4 | 10.2 8.0, 15.3 
5, 6 None 134, 70 | Betaine-CH;-C 8.6 | 5.4 9.1) ‘5.8 
7,8 H 195, 107 me 8.0 | 11.8] 10.0) 6.0 
9,10 | None 134, 70 | Choline-CH;-C™ 80.6 | 0.5] 67.3 1.0 
11,12 | H 195, 107 . 64.9 | 1.1] 108.0 2.1 
13,14 | DEA 183, 134 | Methionine-CH3-C™] 14.2 | 12.6 | 25.5 9.3 
15, 16 “« +H 337, 118 ri 21.0 | 10.6} 17.3 10.0 
17, 18 « +B 197, 147 | Betaine-CH;-C" 7.6 | 1.5 6.0 1.7 
19, 20 «+ “ + H | 393, 364 ee 1.1} 2.4 | 10.1) oe 





* Each supplement was added in the concentration of 3 gm. per kilo of basal diet. 
H denotes homocystine; DEA, dimethylethanolamine; and B, betaine. The group 
numbers and the gains in weight are for chicks which were on a diet which was sup- 
plemented with vitamin Bi2 and on the same diet which was free of vitamin By, 
respectively. The gains in weight are mean values obtained on six to ten chicks per 
group. 

¢ The isotopic compounds were injected intraperitoneally at the end of the 5 
week period into three to four chicks from each group, the birds were killed 20 hours 
later, and choline and creatine were isolated from the extract of pooled carcasses. 

t (Specific activity of isolated choline or creatine)/(specific activity of injected 
material X dose of injected compound in millimoles per 100 gm. of weight). The 
activity is in counts per minute per dish of carbon at infinite thickness. 


hatched from eggs of vitamin By-deficient hens. As far as the gain in 
weight is concerned, however, our birds gained no more, and in some cases 
less, than the birds of Jukes and Stokstad (3) which were hatched from 
eggs of vitamin B,»-deficient hens. 

In the presence of vitamin By: in the diet, the addition of homocystine 
increased the rate of gain in weight in all cases. Particularly significant 
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increases in the rate of growth were obtained in Groups 15, 19, and 20. 
Group 15 received the basal diet which was supplemented with dimethyl- 
ethanolamine, homocystine, and vitamin By, and there was a gain of 337 
gm. per chick. On omission of vitamin By: from the diet which contained 
dimethylethanolamine and homocystine (Group 16), the gain in weight 
was only 118 gm. On replacement of homocystine by betaine in the pres- 
ence of vitamin By, and dimethylethanolamine in the diet, the gain was 
197 gm. (Group 17). On addition of homocystine to the diet which con- 
tained dimethylethanolamine, betaine, and vitamin By, the gain was 393 
gm.( Group 19). On removal of vitamin By from the diet which contained 
dimethylethanolamine, homocystine, and betaine, the gain in weight was 
quite good, namely 364 gm. (Group 20). 

Since the basal diet was deficient in methionine, choline, and vitamin 
Bp, the growth responses to the addition of homocystine, dimethyl- 
ethanolamine, betaine, and vitamin By: are related to the synthesis of the 
missing metabolites from the supplements administered or from the pre- 
cursors present in the diet, the utilization of which was facilitated by or 
through the administered supplements. On this basis, the methyl groups 
of choline, methionine, and other metabolites were synthesized in the 
chick in adequate amounts in the presence of vitamin By, homocystine, 
and dimethylethanolamine (Group 15), under the conditions employed. 
That the methyl groups of dimethylethanolamine cannot apparently serve 
the purpose is indicated by the fact that in the absence of vitamin By 
the growth was poor (Group 16). On the other hand, the methyl groups 
of betaine, in contrast to those of dimethylethanolamine are available for 
transmethylation reactions even in the absence of vitamin By in the diet 
(Group 20). The fact that the gain in weight was poor in the absence 
of homocystine in the diet which contained dimethylethanolamine and 
betaine, in the presence or absence of vitamin By. (Groups 17 and 18), 
strongly suggests that homocystine is essential, under our dietary con- 
ditions, for the efficient utilization of the methyl groups of betaine for 
the synthesis of methionine, choline, creatine, and, perhaps, of other meta- 
bolites. The data obtained on Groups 19 and 20, as contrasted with 
those obtained on Groups 17 and 18, support this inference. 

No perosis was observed in any of the birds which received dimethyl- 
ethanolamine in the diet. All the other groups had perosis of varying 
degrees of intensity. The incidence or intensity of perosis could not be 
correlated with the rate of growth, since equally poor growth resulted on a 
diet containing dimethylethanolamine and betaine in the presence or 
absence of vitamin By. (Groups 17 and 18, no perosis) and on a diet which 
was free of dimethylethanolamine and betaine (Groups 1 to 12, perosis 
present in all birds). Obviously, as has been pointed out previously (10), 
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dimethylethanolamine per se or a~potential moiety of tissue choline is the 
active antiperotic metabolite. 

Choline fed per se together with homocystine was ineffective in promot- 
ing the growth of chicks in the absence of vitamin By: in the diet (3), 
Contrary to the observations of Jukes and Stokstad (3), however, betaine 
was effective in promoting the growth of chicks on a diet which contained 
homocystine and dimethylethanolamine whether vitamin By: was added 
to the diet or not (Groups 19 and 20). Furthermore, good growth was 
obtained on a diet containing dimethylethanolamine, homocystine, and 
vitamin By» (Group 15). It would appear, therefore, that the effects 
produced by dietary vitamin By are more related to the synthesis of the 
labile methyl group de novo than to the transfer of the methyl groups of 
either choline or betaine in the chick. The relative inefficiency of choline 
compared to betaine (in the presence of dietary dimethylethanolamine) 
in promoting the growth of chicks in the absence of dietary vitamin By, 
has been reported previously (11), and this is probably a reflection of the 
extent of the oxidation of choline to betaine in the intact chick. 

The tracer data shown in Table I are in accord with the conclusions de- 
rived from the growth data. On diets free of dimethylethanolamine, the 
incorporation of the carbon of the methyl group of methionine or betaine 
into tissue choline was not depressed by the absence of vitamin By in 
the diet, except on a diet which contained homocystine (Group 4). In 
this case, lowered uptake of the carbon of the methyl group of methionine 
into choline, but not into creatine, was observed. There was also a sig- 
nificant increase in the transfer of the carbon of the methyl group of be- 
taine to creatine in the presence of vitamin By and homocystine in the 
diet (Group 7). The addition of dimethylethanolamine to the diet. re- 
sulted in greater uptake of the carbon of the methyl group of methionine 
into choline in the absence of vitamin By, than in its presence (Groups 13 and 
14), and, on addition of homocystine and dimethylethanolamine to the 
diet, the reverse situation prevailed (Groups 15 and 16). The extent of 
synthesis of creatine from the carbon of the methyl group of methionine 
was not significantly affected by the addition of either dimethylethanol- 
amine, homocystine, or vitamin By. 

The presence or absence of vitamin By in the diet which contained 
dimethylethanolamine and betaine had no effect on the extent of utiliza- 
tion of the carbon of the methyl group of betaine for the synthesis of 
choline or creatine (Groups 17 and 18). The addition of homocystine to 
diets which contained dimethylethanolamine and betaine, however, in- 
creased the extent of utilization of the carbon of the methyl group of 
betaine for the synthesis of choline and creatine to about the same extent 
in the presence or absence of vitamin By in the diet (Groups 19 and 20). 
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Of particular interest are the tracer data on administration of radio- 
choline. The extent of incorporation of the administered choline into 
tissue choline was very large, particularly on a diet which contained homo- 
cystine and no vitamin By (Group 12), reflecting, perhaps, a greater ex- 
tent of choline deficiency under these conditions owing to the inability of 
the chick to synthesize choline in the absence of the prerequisite dietary 
conditions. The extent of incorporation of the carbon of the methyl 
group of choline into creatine was only a fraction of that observed with 
either methionine-CH;-C™ or betaine-CH;-C™ under the same dietary 
conditions. The presence of homocystine in the diet increased the extent 
of incorporation of the carbon of the methyl group of choline into creatine 
whether vitamin By was present in the diet or not (Groups 11 and 12), 
but the values for creatine on radiocholine administration at no time com- 
pared with those which were obtained on administration of either radio- 
methionine or radiobetaine. Even when non-radioactive betaine was in- 
corporated into the diet for 5 weeks, the methyl group carbon of injected 
radiobetaine was incorporated into creatine to a greater extent than the 
carbon of the methyl group of choline on a diet which was free of choline 
or betaine (Groups 17 and 18, 19 and 20). Under such conditions, the 
administered radiobetaine must have been diluted by dietary non-radio- 
active betaine. It is of interest to note at this point that the extent of 
“dilution” by dietary betaine of the administered radiobetaine was re- 
flected to a much greater extent in creatine than in choline values (com- 
pare Groups 5 to 8 with 17 to 20). Our tentative opinion is, subject to 
verification by experimentation, that the presence of dimethylethanol- 
amine in the diet may bear some relationship to the relative extent of 
utilization of the carbon of the methyl group of betaine for the synthesis 
of choline, methionine, and creatine. The relatively low incorporation 
of the carbon of the methyl group of choline into tissue creatine in the 
chick, as compared with that of the carbon of the methyl groups of either 
methionine or betaine, is in accord with similar data which were obtained 
on rats and mice (1, 7). 


DISCUSSION 


As far as is known from published data, the direct precursor of the 
methyl group of creatine in the animal body is methionine (12), or, more 
exactly, the ‘active form’ of methionine, S-adenosylmethionine (13). 
Therefore, the extent of the synthesis of creatine in vivo can be used as a 
criterion of the extent of synthesis of methionine from administered pre- 
cursors of the methyl group, provided the diet is adequate in other me- 
tabolites which are known to be involved in the synthesis of guanidoacetic 
acid moiety of creatine. The data presented are in accord with the con- 
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clusions derived previously from experiments in vivo and in vitro, chiefly 
with the rat, that homocystine (homocysteine) acts in the chick as an 
acceptor of the methyl group of betaine for the synthesis of methionine, 
and that the latter acts as the donor of its methyl group to form creatine 
and choline and other methylated derivatives. Vitamin By had no ap- 
parent effect on the extent of these transformations in the chick, which is 
in accord with the results obtained in the rat (7). 

In accord with the earlier results of Jukes et al. (10), dimethylethanol- 
amine can replace the requirement for choline in the chick, in that this re- 
quirement in the chick is centered mainly in the need for the monomethy] 
or the dimethyl derivative of ethanolamine, which the chick cannot syn- 
thesize in adequate amounts. The methyl group which is necessary for 
the completion of the synthesis of choline from dimethylethanolamine the 
chick is able to derive from dietary methionine or betaine in the presence 
or absence of vitamin Bi: or to synthesize it de novo in the presence of vi- 
tamin By. The ability to synthesize this labile methyl group is reflected 
in good growth on diets which were deficient in choline and methionine, 
but which contained dimethylethanolamine, homocystine, and vitamin By. 
Unequivocal evidence for this synthesis of the “labile methyl” group in 
the chick was obtained on administration of suitably labeled glycine, ser- 
ine, and formate (1). Whether these three precursors of the labile methyl] 
group can satisfactorily account for the need of the chick under the experi- 
mental conditions employed cannot, however, be decided from the avail- 
able data. On the basis of the results obtained in rats, pigeons (14), and 
mice (15), other precursors of the labile methyl group exist, and the réle of 
these in the chick has not as yet been determined. Of particular impor- 
tance is the observation that the carbon of glucose is available in the 
mouse (15) for the synthesis of the methyl group of methionine. We have 
also secured evidence recently that the carbon of glucose is available for 
the synthesis of choline and creatine in the rat.2 The relative abundance 
of glucose or its precursors in the diet of animals singles out glucose as an 
important part of the pool of dietary ingredients which can serve as pre- 
cursors of the labile methyl group carbon. 

The relatively low incorporation of the carbon of the methyl group of 
choline into creatine in the chick and in the rat (7) compared with the 
relatively efficient utilization of the carbon of the methyl groups of either 
methionine or betaine may be a reflection of the same factors which we dis- 
cussed in the case of the rat (7). These are the relatively greater dilution 
of the administered radiocholine by tissue choline than of the administered 
radiomethionine or radiobetaine by tissue methionine and betaine, respec- 


3 Stekol, J. A., Hsu, P. T., and Weiss, S., unpublished data. 
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tively, and poor oxidation of choline to betaine, a process which was pro- 
posed as the necessary step for making the methyl group available for 
metabolic reactions (16). Of importance also is the fact that the transfer 
of the methyl group of methionine to creatine is more or less direct, while 
the transfer of the methyl group of choline to creatine is of an indirect 
nature, necessitating the preliminary oxidation of choline to betaine in 
two steps. From this standpoint, choline cannot be expected to equal 
betaine as a source of labile methyl group. On the other hand, betaine 
cannot replace choline in the chick as far as the ethanolamine moiety (or 
its partially methylated derivatives) of choline is concerned. In view of 
these considerations it appears improper to designate choline as an “‘effi- 
cient methylating agent” (3) in the chick or other animals without reference 
to other “methyl donors” and without specifically mentioning the reaction 
in vivo which undergoes such methylation. 

In view of the relative abundance of dietary precursors of the carbon of 
the labile methyl group, the promotion of growth of chicks by choline on 
diets which are deficient in methionine but which contain homocystine 
and vitamin By. cannot, therefore, be attributed unequivocally as entirely 
due to the availability of the methyl group of choline for methylation 
processes to meet the needs which were created by dietary deficiencies. 

Of some interest in this connection is the fact that the requirement for 
choline in the chick as an antiperotic agent can also be met by either ethyl- 
dimethylethanolamine, diethylmethylethanolamine, or arsenocholine (17). 
Arsenocholine (17) and diethylmethylethanolamine‘ are very poor sources 
of “labile methyl” groups, if sources at all, and the dietary improvements 
by these compounds have obviously no bearing on their ability as ‘“‘meth- 
ylating agents.” In this respect, choline and monomethyl and dimethyl 
derivatives of ethanolamine appear to be similar to ethyldimethylethanol- 
amine, diethylmethylethanolamine, and arsenocholine, although undoubt- 
edly the metabolic behavior of these compounds in the chick or other 
animals is not identical in every respect. 


We wish to express our thanks to Dr. P. D. V. Manning and Dr. M. J. 
Blish of the International Minerals and Chemical Corporation for gifts 
of betaine; to Dr. T. Jukes and Dr. E. L. R. Stokstad of the Lederle 
Laboratories Division, American Cyanamid Company, for the supplies 


4 Diethylmethylethanolamine-CH;-C", when injected intraperitoneally into rats, 
mice, or chicks, is very poorly oxidized to respiratory CO2, and very small amounts 
of the C™ could be found in tissue creatine. However, very large amounts of the 
compound could be isolated from tissue phospholipides of the animals to which the 
radiocompound was administered (Stekol, J. A., Hsu, P. T., and Weiss, S., unpub- 
lished data). 
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of folic acid; to Merck and Company for generous supplies of ethyl ether; 
to Dr. J. Waddell of E. I. du Pont de Nemours and Company and to Dr, 
H. J. Prebluda of the U.S. Industrial Chemicals Company for the ample 
amounts of pL-methionine. The isotopic material was obtained on alloca- 
tion through the United States Atomic Energy Commission. 


SUMMARY 


1. Pullets, 3 days old, were maintained on a diet deficient in choline, me- 
thionine, and vitamin By, or on the same diet supplemented with homo- 
cystine, dimethylethanolamine, betaine, and vitamin By, singly or in com- 
binations, for 5 weeks. Growth rates and the incidence of perosis were 
recorded. 

2. Methionine, betaine, or choline, labeled with C in the methyl 
group, was injected into the birds at the end of the 5 week period, and 
tissue choline and creatine were assayed for radioactivity. The data were 
correlated with the rates of growth under various dietary conditions. 

3. The transfer of the carbon of the methyl group of methionine to 
choline and creatine, or of the carbon of the methyl group of betaine to 
choline and creatine, or of the carbon of the methyl group of choline to 
creatine in the chick is not dependent on dietary vitamin By. On a diet 
deficient in methionine, the addition of homocystine to the ration increased 
the incorporation of the carbon of the methyl groups of choline and betaine 
into creatine. 

4. Chicks grew well on a diet supplemented with dimethylethanolamine, 
homocystine, and vitamin By», indicating ample synthesis de novo of the 
labile methyl group under these conditions. Good growth was also ob- 
tained on a diet free of vitamin By, which contained dimethylethanol- 
amine, homocystine, and betaine. These results do not by any means 
indicate that vitamin By: is not required in the chick. 

5. The carbon of the methyl group of choline compared with that of the 
methyl groups of methionine and betaine was least efficiently incorporated 
into tissue creatine. The implications of these observations in relation to 
the interpretations of growth data on chicks obtained on diets containing 
choline and homocystine are discussed. 
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THE EFFECT OF SUBSTITUTED BENZOIC ACIDS ON 
ADAPTIVE ENZYME FORMATION IN A 
MYCOBACTERIUM 
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Medicine, Durham, North Carolina) 
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Certain Mycobacteria form adaptive enzymes for the oxidation of benzoic 
acid (1). The oxidation proceeds through catechol and protocatechuic 
acid (2) and is thus similar to that in Pseudomonas fluorescens (3). Neither 
cyclohexanecarboxylic acid nor any substituted benzoic acid is oxidized by 
these Mycobacteria, but certain of these compounds can induce the or- 
ganism to form adaptive enzymes for benzoic acid and catechol. This is 
shown by the following experiments. 


EXPERIMENTAL 


Mycobacterium tuberculosis BCG 8420 was grown for 3 to 5 days on Long’s 
medium. The surface mass was broken up and centrifuged in a Hopkins 
tube. The cells were washed twice with distilled water and finally sus- 
pended in 0.05 m phosphate buffer, pH 7.8 or 6.7, 0.1 ml. of packed cells 
per ml. of buffer. 0.5 ml. of this suspension was used in each Warburg 
vessel, which had a final fluid volume of 2.0 ml. The substituted benzoic 
acids were incubated with the cells for varying times, then 1.0 mg. of sodium 
benzoate or catechol was added from the side arm and the rate of oxygen 
uptake measured. These cells have a high rate of autorespiration, and 
the addition of the substituted benzoic acids over a wide concentration 
range had no appreciable effect upon it. Melting points were taken on 
all the compounds used and several were recrystallized. The evidence 
indicates that the effects of the substituted benzoic acids were not the 
result of their contamination with benzoic acid. 

Preincubation of the cells with o-fluoro-, o-chloro-, o-bromo-, o-nitro-, and 
o-aminobenzoic acids increased the oxidation rate of benzoic acid; 7.e., 
shortened or almost eliminated, depending upon the time of preincubation, 
the latent period of 25 to 30 minutes which occurs when benzoic acid is 
added to untreated cells, and which represents the time for adaptive en- 
zyme formation (Table I). o-Hydroxybenzoic acid was without effect in 
any concentration used. p-Fluorobenzoic acid stimulated enzyme forma- 
tion, although the other para and meta isomers, which had no effect in 
themselves, prevented the stimulation of enzyme formation normally in- 
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duced by the ortho isomers (Table II). Cyclohexanecarboxylic acid be- 
haved like the ortho isomers (Table I). All the compounds gave the same 
results when catechol was used instead of benzoic acid (Table III). Ip 
other words, although not oxidized, these compounds stimulated the for. 
mation of the enzyme for catechol as well as that for benzoic acid. Pro. 
tocatechuic acid is oxidized by this organism by what is apparently a con- 
stitutive enzyme (2) and the substituted benzoic acids had no effect on its 
oxidation rate. 

In these studies, 2 hours were taken as an arbitrary time for preincuba- 
tion, but, regardless of the concentration of the added compound, maximal 


TABLE I 


Effect of Preincubation with Analogues of Benzoic Acid on Subsequent 
Oxidation of Sodium Benzoate 


The preincubation time was 2 hours at pH 7.8 before the addition of 1.0 mg. of 
sodium benzoate. The oxygen uptake by control cells (15 to 20 c.mm. per 10 min- 
utes) was subtracted from experimental values to yield the net oxygen uptake. 


Net oxygen uptake, c.mm. 


Analogue  ineabe tion mbttare | ————- 
|} 10min. | 20min. | 40-min. 
¥ | 
CUPL A Re A a | eg =9 9 
o-Nitrobenzoate ......... Pan aeNe S 200 | Bas ait Gun 44 
OAAMAANO DONE ORLO: 55 5 ois:i 6 016: 6:0" bweomiecess | 200 | an 15 32 
o-Fluorobenzoate.................... | 20 | 2 | 6&4 139 
o-Chlorobenzoate ................... | 100 | 19 | 40 109 
o-Bromobenzoate.................... | 200 12 28 CO 84 
p-Fluorobenzoate.................... 50 11 23 73 
o-Hydroxybenzoate ................. 200 baud by eesQ 10 


Cyclohexanecarboxylate............. 200 et i, SE 125 


enzyme production was not elicited in this time. As shown in Table IV 
for cyclohexanecarboxylic acid, once a certain concentration is reached, 
the rate of enzyme formation by the cell in response to the stimulus is the 
limiting factor, so that, for instance, 200 y of the compound preincubated 
with cells for 4 hours elicit more enzyme than 2400 y incubated for 2 hours. 
The same results were obtained with all the other compounds. 0-F luoro- 
benzoic acid was by far the most active compound, while o-nitro- and o0- 
aminobenzoic acids were least active (Table I). There seems to be a 
rough inverse correlation between the size of the substituting atom or group 
and the effectiveness of the compound with the exception of o-hydroxy- 
benzoic acid. Not only was o-hydroxybenzoic acid inactive, but it in- 
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hibited the stimulation of enzyme formation by the active compounds. 
p-Fluorobenzoic acid is another exception since, as shown in Table II, the 
other para- as well as meta-substituted benzoic acids inhibited enzyme 
formation. There appears, moreover, to be a mass action effect, for the 


TaBLE II 
Effect of Some Para- and Meta-Substituted Benzoic Acids on Enzyme Formation in 
Response to o-Chlorobenzoic Acid 


The preincubation time was 2 hours at pH 7.8. 1.0 mg. of sodium benzoate was 
then added. 




















a } Net oxygen uptake, c.mm. 
Analogue a oe | 
| 10 min. 20 min. (| emia 40 min. 
7 | | 

NOUS tis ttec Fe eA Woe ee eee | -1 17 
o-Chiorobenz0ate: sic. 56 cde cecccses. 100 | 11 Es 76 
e + p-chlorobenzoate . 100 + 10 | 3 11 40 

- + m-chlorobenzoate.| 100 + 10 | 6 20 | & 

se + p-bromobenzoate . 100 + 10 0 | 7 | 32 

- + m-bromobenzoate. 100 + 10 | 6 | 9 36 

ee ~ — eee eee 25 | 14 20 69 

+ p-chlorobenzoate 25+ 10 | —4 0 1l 

SE Tee tie ee ee 50 | 10 x) & 

oi + p-chlorobenzoate 50 + 10 0 1 19 

Bs ier alt ae area eS 100 9 27 79 

“ + p-chlorobenzoate 100 + 10 1 12 41 

e MP ee Lye ys 150 3 20 | 75 

ef + p-chlorobenzoate. 150 + 10 y. 14 48 

TasBLe III 


Effect of Preincubation with Benzoate or o-Fluorobenzoate on Subsequent Oxidation 
of Sodium Benzoate and Catechol 


The preincubation time was 2 hours at pH 6.7. 1.0 mg. of sodium benzoate or of 
catechol was then added. 





| | Net oxygen uptake, c.mm. 
Amount in | eae eee 


Analogue preincuba- | Sodium benzoate Catechol 
jtion mixture) | 


| 10 min. | 20 min. | 40 min. | 10 min. | 20 min. | 40 min. 

sk Sian neat sage ig Peten, 

Felerekcotbephvenenti ay /-1} 6] a] of] 6) 27 
| LLL EC can enc eH tre 5 | 9] 20 | 49} 11 25 62 
0-Fluorobenzoate................ | 5 | 18} 40 | 108 | 25 | 66 | 159 
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inhibition by a given amount of para-substituted compound depends upon 
the concentration of the ortho-substituted compound used. This effect, 
illustrated in Table II with o- and p-chlorobenzoic acids, was obtained 
with all the other ortho compounds as well as with cyclohexanecarboxylic 
acid and with benzoic acid itself. If p-fluorobenzoic acid behaved like 
the other p-substituted compounds, it should inhibit enzyme formation 
by the ortho compounds. This it does not do, and it therefore appears 
unlikely that the effect of this para compound is the result of its con- 
tamination with the ortho isomer. 

Table III shows that o-fluorobenzoic acid stimulated production of the 
enzymes required for oxidation of both catechol and benzoic acid, and that 


TaBLe IV 
Effect of Cyclohexanecarborylic Acid on Enzyme Formation 


The preincubation times were 2 and 4 hours at pH 7.8. 1.0 mg. of sodium ben- 
zoate was then added. 














Amount of cyclohexane- Net oxygen uptake, c.mm. 
carboxylic acid in preincubation Time of preincubation Seen cs Sewanee 
sae | 10min. | 20min. | 40min. 
7 | hrs. | 
None 2 | 1 | 48 
‘ 4 —2 | 3 21 
200 2 | ae 51 125 
200 4 32 | 15 | 181 
600 2 25 62 144 
600 4 41 87 195 
1200 2 24 | 60 | 145 
1200 4 42 | 88 199 
2400 2 23 59 =| ~— 140 
2400 a 39 | 83 191 





it is more effective than benzoic acid itself. The reason for this is shown 
in Table V. When the preincubation period was extended, the enzyme 
elicited by benzoic acid began to disappear because, as the enzyme was 
formed, the small amount of benzoic acid was completely oxidized, the 
stimulus was thus removed, and the enzyme decayed. On the other hand, 
o-fluorobenzoic acid was not oxidized and remained as a constant stimulus 
throughout the experiment and elicited almost maximal enzyme production. 
The short lag period which still remained can probably be accounted for 
by the time necessary for the penetration of the benzoic acid into the cell. 
This difference between benzoic and o-fluorobenzoic acids, together with 
the fact that at the beginning they elicit the enzyme at the same rate 
(Table V), indicates that the ortho-substituted compounds are not changed 
to benzoic acid by the cell and that they contain no significant amounts of 
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benzoic acid as a contaminant. Furthermore, higher concentrations of 
these compounds elicit progressively less enzyme, which also indicates that 
no benzoic acid is present. 

There remains the possibility that the ortho-substituted compounds and 
cyclohexanecarboxylic acid altered some physical characteristic of the 
cell so that the benzoate subsequently added could produce the enzyme 
much more rapidly. This appears unlikely since streptomycin, which in- 
hibits enzyme production by benzoic acid (1), also inhibited production 


‘by the other compounds. With 0.1 mg. per ml. of streptomycin, enzyme 


production by 10 y of sodium benzoate was inhibited 89 per cent, by 5 y 


TABLE V 


Effect of Different Preincubation Times with Sodium Benzoate or o-F luorobenzoate 
on Enzyme Formation 


After the preincubation at pH 7.8 with 5 y of each compound, 1.0 mg. of sodium 
benzoate was added. 


| 





Net oxygen uptake, c.mm. 





| 
Compound added —— a > RES ME 2 ah. SRE 
| | 10 min. | 20 min. 40 min. 
ae ae. ee | = 

| min. | | 
I 2 ae i hat 60 | aa. "| o | 13 
o-Fluorobenzoate........... | 60 6 | 18 56 
[COTO cd eee ga Pe | 60 3 | 17 56 
o-Fluorobenzoate........... 120 13 | 34 99 
ONS ORG rss? 4, Bove hen cates 120 6 15 57 
o-Fluorobenzoate........... 210 22 | 55 152 
HOE DUC 5 ae eee neers eats 210 6 | 14 59 
o-Fluorobenzoate........... 270 18 52 156 


BOUaG te). cccc:. ok ok nea oes 270 | =i | 1 20 


of o-fluorobenzoic acid 90 per cent, by 25 y of o-chlorobenzoic acid 82 per 
cent, and by 25 y of cyclohexanecarboxylic acid 85 per cent. 

5 y of o-fluorobenzoic acid per ml. added to the medium slightly inhibited 
growth. After 4 days incubation, the washed cells contained the enzymes 
for benzoate and catechol but not the maximal amount. Thus after 40 
minutes in the Warburg vessels, benzoate and catechol had taken up 53 
and 56 c.mm. of O2 respectively, whereas with the controls only 15 and 24 
¢.mm. were utilized. After 4 days growth with 5 y per ml. of benzoate, the 
cells no longer contained the adaptive enzymes. Cells grown with o-fluoro- 
benzoic acid were unable to oxidize it. 


DISCUSSION 


Apparently the stimulus for the production of the enzymes involved 
in the oxidation of benzoic acid and catechol is not as specific as the en- 
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zymes themselves. Any substitution of the benzoic acid prevents its oxi- 
dation, whereas ortho substitution stimulates and meta and para substi- 
tution inhibit enzyme production. Steric effects probably account for the 
different actions of the isomers but chemical effects may also play a part. 
The carboxyl group on the ring is essential since the correspondingly 
substituted toluenes and phenols are inactive. 


SUMMARY 


1. The ortho isomers of amino-, nitro-, fluoro-, chloro-, and bromoben- 
zoic acids stimulate the production of adaptive enzymes for the oxidation 
of benzoic acid and catechol by Mycobacterium tuberculosis BCG 8420, 
o-Hydroxybenzoic acid is inactive but cyclohexanecarboxylic acid also 
stimulates enzyme production. None of these compounds is oxidized. 

2. p-Fluorobenzoic acid also stimulates production but the para and meta 
isomers of amino-, chloro-, and bromobenzoic acid inhibit. 
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CHOLESTEROL SYNTHESIS BY LIVER 
IV. SUPPRESSION BY STEROID ADMINISTRATION* 


By G. M. TOMKINS,t H. SHEPPARD, anv I. L. CHAIKOFF 


(From the Department of Physiology of the University of California School of Medicine, 
Berkeley, California) 


(Received for publication, January 26, 1953) 


In a previous report we demonstrated that the livers of rats fed, for a 
few days, a diet containing from 0.5 to 5 per cent cholesterol lost, to an 
appreciable extent, the capacity to incorporate added acetate carbon into 
cholesterol (1). On the basis of this and other findings it has been pro- 
posed that hepatic cholesterogenesis is under homeostatic regulation (1, 2). 
In order to induce a reduction in cholesterol synthesis in the liver without 
feeding cholesterol, we have examined cholesterol-like compounds for their 


effects on the incorporation of added acetate-C“ into cholesterol by rat 
liver slices. 


EXPERIMENTAL 


Female rats of the Long-Evans strain, weighing from 200 to 250 gm., 
were used. The animals were sacrificed by a sharp blow on the head, and 
their livers were quickly excised and placed in ice-cold bicarbonate buffer. 
Slices about 0.5 mm. thick were prepared free-hand, and 500 mg. portions 
of these slices were incubated at 37.5° in the buffer to which had been 
added carboxyl-labeled acetate. COs and cholesterol-C“ were determined 
as described elsewhere (3). 


Results 


Effect of Single Feedings of Steroids on Cholesterol Synthesis from Acetate 
—The results of these experiments are shown in Table I and Fig. 1. In 
those recorded in Table I, 500 mg. of liver slices were incubated with 1 um 
of labeled acetate. In the experiments shown in Fig. 1, 500 mg. of liver 
slices were incubated with 100 um of labeled acetate. A reduction in the 
liver’s capacity to convert the added acetate to cholesterol was observed in 
rats that had received cholestenone (A‘-cholestene-3-one), dehydroisoan- 
drosterone (A*’-androstene-36-ol-17-one), 7-dehydrocholesterol (A°:7-choles- 

* Aided by grants from the United States Public Health Service and the Life In- 
surance Medical Research Fund. 

+ Present address, National Heart Institute, National Institutes of Health, 
Bethesda, Maryland. 
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tadiene-38-ol), and A’-cholestenol (A7-cholestene-38-ol). The structural 
formulas of these compounds are shown in Fig. 2. 


TABLE [ 
Effect of Single Administration of Steroids on Liver’s Capacity to Convert Added 
Acetate to Cholesterol 

All animals had been raised on an adequate stock diet. Each rat was lightly 
anesthetized with ether and then intubated with 3 cc. of cottonseed oil containing 
the steroids designated below. The control group (Rats 1 to 8) received only cotton. 
seed oil. All rats were sacrificed 18 hours after the intubation. During those 18 
hours, the animals had access to the regular stock diet. 500 mg. portions of liver 
slices were incubated with 1 um of acetate labeled with acetate-1-C"™ for 3 hours, 





Per cent of added C* recovered as 














Rat No. | Steroid administered ’ 
| CO: Cholesterol 
| gm. 
1 None fl anol? 2.74 
2 3 | 34.6 2.22 
3 ry 29.9 3.24 
4 | as 38.2 2.54 
5 | = | 46.0 4.4 
6 | ie 42.4 4.9 
7 a | I> Ba 2.4 
8 = | 43.1 3.0 
9 Cholestenone 0.45 | 38.1 0.04 
10 « 0.45 40.9 0.02 
11 | te 0.45 | 44.3 0.04 
12 a 0.45 | 46.6 0.11 
13 « 0.45 45.3 | 0.26 
14 es 0.9 43.7 0.16 
15 " | 0.9 | 40.5 | 0.08 
16 Dehydroisoandrosterone | 0.5 | 50.4 0.32 
rt : | 0.5 42.5 | 0.36 
Ne) “ ie), cee ee: 0.57 
19 i | 0.5 39.8 | 0.49 
20 4 | 0.5 36.8 0.48 
21 |  7-Dehydrocholesterol 0.38 49.0 0.96 
ae “ 0.38 | 50.2 0.15 
23 se 0.38 55.0 0.40 
24 | A’-Cholestenol 0.5 48.2 0.10 
25 | es | 0.5 | 43.8 0.38 
26 | Cholesterol 0.5 38.0 0.54 
27 as 0.5 


58.2 0.15 


Effect of Prolonged Feeding of Steroids on Cholesterol Synthesis from Ace- 
tale—The results of these experiments are recorded in Table II. A depres- 
sion in cholesterol-C" recoveries was observed in the experiments with 
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Fie. 1. Conversion of added acetate to cholesterol by liver slices prepared from 
rats fed 7-dehydrocholesterol and cholestenone. Time study. 0.5 gm. of each was 
administered as a single intubation exactly as described in Table I; and the rats were 
sacrificed 18 hours later. 500 mg. of liver slices were incubated with 100 uM of labeled 


acetate. Each curve represents values obtained from a single liver. The choles- 
terol content was about the same in the three livers. 
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Fig. 2. Structural formulas of steroids that inhibit hepatic cholesterogenesis from 
acetate. 
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TaBeE II liver 
Effect of Prolonged Feeding of Steroids on Liver’s Capacity to Convert Added Acetate days 
to Cholesterol 
All rats were raised on an adequate stock diet. The control group (Rats 28 to 32) 
received the stock diet up to the time they were sacrificed. The remainder was Ey 
fed, for 3, 5, or 7 days before being sacrificed, the stock diet to which had been added : 
1.0 or 1.5 per cent of a steroid listed below. The steroid had been thoroughly ad- ton 
mixed with the diet before it was fed. 500 mg. portions of liver slices were incubated | eXPe 
with 1 uM of acetate labeled with acetate-1-C™ for 3 hours. later 
pre incre 
Steroid oe en ag 
Rat No. |——___— —_—— —__— iS es birds 
oe | Days fed | CO: Cholesterol ousl 
se i es oy en | cs _ a haat, | a : erati 
28 None 34.8 2.49 regu 
29 | of | 36.9 1.93 tion 
30. | ef 52.8 1.02 
| ee | 43.6 2.61 and 
ae ee 58.0 1.48 | of cl 
33 Cholestenone f= 2180 3 37.6 0.77 terol 
34 ae 10 | 3 37.6 0.60 resul 
35 she beO ix! 4] 3 39.0 0.42 ’ 
36 | “ 1.0 3 31.4 a. | ode 
37 “ 1.0 3 30.9 0.72 | thes 
38 “ 1.5 7 | 40.2 0.19 qT 
39 | « 1.5 7 | 44.6 0.02 inhil 
40 | ee 1.5 7 41.7 0.67 liver 
41 | J 1.5 7 38.1 0.20 
42 | “ Lenin 42.7 ou 1 
43 A7-Cholestenol 1.0 5 29.0 0.04 dios 
44 | «“ 10 pag 28.4 0.04 In v 
45 | . io; F +» ee 0.02 thes 
46 ihe 10 5 | 32.8 0.05 7 
47 si 1.0 5 i oas0 0.01 with 
48 Dehydroisoandrosterone £20 5 28.5 0.21 ‘i 
49 “ 1.0 5 24.8 0.63 TON 
50 re 1.0 5 | 31.4 0.35 cone 
51 " 1.0 5 | 29.8 0.94 of tl 
52 « LO 5 25.6 0.14 terol 
53 if 1.0 7 42.7 0.04 cont 
54 * 1.0 7 | 40.0 0).27 oi 
55 « 1.0 7 | 46.2 0.03 inhil 
56 Cholesterol 1.0 5 30.9 0.03 A 
57 ee 1.0 5 27.6 0.02 actic 
58 i 1.0 5 19.0 0.00 sion 
59 sg 1.0 5 31.4 0.00 has 
60 “ 1.0 5 27.6 0.00 
1) 
this 
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liver slices prepared from rats that had been fed the steroids for 3, 5, or 7 
days. ‘The C“O, recoveries were unaffected by the feeding of the steroids. 


DISCUSSION 


Even though factors other than lipides may be responsible for the initia- 
tion of cardiovascular degeneration (4-6), there can be little doubt, from 
experimental work on animals, that lipides per se may be involved in the 
later stages of arterial degeneration. “The observation that the greatly 
increased concentration of all plasma lipides, induced in birds by the in- 
jection of stilbestrol, is accompanied by atherosclerosis, even when the 
birds are fed diets practically free of lipides (7, 8), indicates that endogen- 
ously synthesized cholesterol may be of some consequence in arterial degen- 
eration. It seemed to us of importance, therefore, to study means of 
regulating the rate at which the liver forms cholesterol, by the administra- 
tion of cholesterol-like compounds. A variety of steroids was studied, 
and the four shown in Fig. 2 were found to have an effect similar to that 
of cholesterol. These are cholestenone, A’-cholestenol, 7-dehydrocholes- 
terol, and dehydroisoandrosterone. A single intubation of these steroids 
resulted in a pronounced reduction in the capacity of the liver to incorporate 
added acetate into cholesterol. The same response was observed when 
the steroids were fed in the diet for 3 to 7 days. 

The administration of the following compounds failed, in our hands, to 
inhibit the incorporation of acetate carbon into cholesterol by surviving 
liver slices: mixed soy bean sterols, ergosterol, pregnenolone (A5-pregnene- 
38-0l-20-one), pregnenolone acetate, dihydrocholesterol (cholestane-38-ol), 
diosgenin, and 7-ketocholesterol acetate (A°-cholestene-38-ol-7-one acetate). 
In view of the uncertainty regarding the extent of absorption of some of 
these compounds,! it is difficult to assess the negative findings. 

The reduction in cholesterol-C" recoveries observed in the experiments 
with the four non-cholesterol steroids shown in Fig. 2 could have resulted 
from (1) dilution, by the fed steroid, of a cholesterol precursor without 
concomitant increase of the level of cholesterol in the liver; (2) conversion 
of the fed steroid to cholesterol with concomitant increase in liver choles- 
terol, which, as already noted, suppresses cholesterogenesis in liver; (3) 
conversion of the fed steroid to a non-cholesterol compound, the actual 
inhibitor; or (4) suppression of cholesterogenesis by the fed steroid per se. 

Although no definitive explanation can be given at this time for the 
action of the four cholesterol-like compounds which suppressed the conver- 
sion of the added acetate to cholesterol, it should be noted that cholestenone 
has been shown not to be an intermediate in the total synthesis of choles- 


‘With the aid of C-labeled dihydrocholesterol, it has been demonstrated that 
this steroid is absorbed in the rat (M. D. Siperstein, unpublished observations). 
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terol (9). Itis unlikely, in keeping with current concepts on the biosynthe. 
sis of cholesterol (10), that dehydroisoandrosterone is a precursor of choles- 
terol, for such a conversion would involve the direct addition of the isoocty| 
chain to the nucleus. Therefore, at least in the case of cholestenone and 
dehydroisoandrosterone, the observed reduction in cholesterol-C™ values 
is probably not the result of their conversion to cholesterol. 

Since liver is the probable site of formation of plasma cholesterol (2), we 
are at present investigating the action of these cholesterol-like compounds 
on the level of circulating cholesterol in animals and man. 


We are grateful to Dr. R. E. Waterman of the Schering Corporation for 
supplying us with the following compounds: pregnenolone, pregnenolone 
acetate, cholestenone, A’-cholestenol, dihydrocholesterol, and diosgenin. 
We are indebted to Dr. E. Oppenheimer of Ciba Pharmaceutical Products, 
Inc., for supplying us with the following compounds: dehydroisoandros- 
terone, 7-dehydrocholesterol, cholestenone, and 7-ketocholesterol. Dr. D. 
W. Peterson, Division of Poultry Husbandry of this University, kindly 
furnished the soy bean sterols. Ergosterol was obtained from the Eastman 
Kodak Company. 


SUMMARY 


1. The following compounds, cholestenone, dehydroisoandrosterone, 7- 
dehydrocholesterol, and A’-cholestenol, were fed to rats, either as a single 
intubation or for 3 to 7 days, and the rat livers were subsequently examined 
for their ability to incorporate acetate-C" into cholesterol. 

2. The feeding of these cholesterol-like steroids resulted in a pronounced 
reduction in the recoveries of cholesterol-C“ without, however, affecting 
the values for C“Os. 

3. Some possible explanations for the reduced cholesterol-C™ recoveries 
are presented. 
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In an earlier publication (1) it has been established that in rats and 
guinea pigs the principal urinary metabolites of histamine are uniden- 
tified substances. All species tested, after administration of C'*-histamine, 
showed the presence of three radioactive peaks on paper chromatograms 
of urine. In rat urine Peak 1 was largest; in mouse urine Peak 2 predomi- 
nated; in guinea pig urine the proportions were nearly equal. Peak 3 
consisted of unchanged histamine and a small amount of acetylhistamine. 

The réle of diamine oxidase in histamine metabolism in vivo has not been 
clearly defined. Its importance in the rat has been suggested by the 
isolation of imidazoleacetic acid (2, 3), an expected product of diamine 
oxidase action. 

In this study evidence has been obtained by the use of techniques of 
enzyme inhibition in the intact animal that diamine oxidase is probably 
involved in the major pathway of histamine metabolism in the rat. How- 
ever, it is of minor importance in the mouse, in which the major histamine- 
metabolizing enzyme system is still unidentified. Results of studies de- 
signed to demonstrate histamine-metabolizing activity in various organs 
of intact rats and mice are presented. 


EXPERIMENTAL 


Chromatography of Urine—Immature Wistar albino rats weighing 50 to 
60 gm. were used in order to conserve isotopic histamine. The mice were 
Swiss albino. All animals were injected subcutaneously with the com- 
pound tested for inhibitory activity. After 20 minutes they were injected 
subcutaneously with 0.15 to 0.18 y of C'-histamine per gm. of body weight. 
A description of the synthesis of the C'-histamine has been published (4); 
activity is 9.3 X 10° c.p.m. per mg. measured with a flow counter. Urine 
was squeezed from the animal at intervals during a 4 hour period and 
immediately frozen. Paper chromatograms were developed in butanol 80 
parts, ethanol 10 parts, and concentrated ammonium hydroxide 30 parts. 

* Supported in part by a contract with the United States Atomic Energy Com- 


mission. 
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Each paper strip contained sufficient radioactivity to give a total of 300 to 
800 c.p.m. after correction for background. Chromatograms were highly 
reproducible and the peaks almost invariably sharply defined. The data 
of Table I show that 90 to 96 per cent of the total radioactivity on the paper 
falls at the three peaks. 

Effect of Diamine Oxidase Inhibitors on Enzyme System Producing Com- 
pound of Peak 1—Zeller et al. (5) have shown that Rimifon' (isonicotinyl- 
hydrazine) is a diamine oxidase inhibitor in vitro. The pronounced effect 


TABLE [ 


Effect of Various Compounds on Per Cent of Total Counts per Minute in Peaks on 
Chromatograms of Urine of Mice Injected Subcutaneously with 
0.18 to 0.18 y of C'4-Histamine per Gm. of Body Weight 


| Concentration of | 


Test compound injected 20 min. before | test compound, + eee ee eee Oe ea 
istamine | per gm. body : ae — 
weight Peak 1 Peak 2 Peak 3 
okt) CC vocaeia din cael a Ae aR ari dele tS | | 14 | 44 32 
RRNA! Peyy.t. Pe Re eee 5 11 47 38 
Pamethe. Publ oie (i3): i Waiyelc oRETte ds 75 1.2 53 4] 
ee Bee rtasetatta aboedh risa welceiaes 150 0.0 57 39 
DUTY bets) ative ws ketenes site 190 ia | ¥..|. a 
ee ere 330 0.0 5.5 | 85 
RAPMOUMENO TS yc rie iS ee tts oes ry 40 15 | §3 | 24 
Pyziberieamind ts. i260) 220s Sees ob | 25 | 19 | 45 | 30 
B-3-Thienylalanine................ | 20 14 45 | 36 


* Tsotope dilution assay of this urine sample indicated that 88 per cent of the total 
radioactivity was due to free histamine. 

+ The concentrations chosen are sufficiently high to produce certain pharmacolog- 
ical effects: the United States Pharmacopeia states that the usual dose of ephedrine 
is about 0.3 y per gm.; pyribenzamine protects mice from anaphylactic shock at a 
level of 25 y per gm. (Personal communication from Dr. S. Malkiel.) 


of Rimifon on histamine metabolism in the intact rat is shown by the 
chromatograms of Fig. 1. At a concentration of 5 y of Rimifon per gm. of 
body weight, Peak 1 is still of major importance. However, it is relatively 
smaller than Peak 1 in the previously published chromatogram of urine of 
rats receiving histamine only (1). The remaining chromatograms of Fig. 1 
show that increased concentrations of Rimifon markedly depress the forma- 
tion of Peak 1. 

The same effect is found on Peak | in mouse urine. Table I shows that 
at high concentrations of Rimifon Peak 1 is completely obliterated. 


1 Rimifon, Marsilid, and picolinie acid hydrazide were generously donated by 
Dr. M. J. Schiffrin of Hoffmann-La Roche, Inc. 
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Another diamine oxidase inhibitor, picolinie acid hydrazide,? has also 
been found to be effective in repressing Peak 1. 

It is evident from Fig. 1 that, when diamine oxidase is inhibited, the 
rat excretes additional unchanged histamine, which falls at Peak 3. 

Isotope dilution of the urine sample used in preparing the third chro- 
matogram of Fig. 1 gave a value of 79 per cent free histamine. Peak 2 
seems to be unaffected by the diamine oxidase inhibitor. In contrast, 
decreases in Peak 1 are accompanied by increases in Peak 2 in the mouse 
and no change in Peak 3 is evident (Table I). 











Fic. 1. Radioactivity on paper chromatograms of urine of rats showing effect of 
various concentrations of Rimifon on the pattern of histamine metabolites. Ab- 
scissa, position on paper, each division = 10 em. Ordinate, per cent of total counts 
per minute on paper, each division = 10 per cent. Concentrations of Rimifon 
(micrograms per gm. of body weight) 10, 50, and 100 respectively. 


Inhibition of Enzyme System Producing Compound of Peak 2 in Chro- 
matograms of Mouse Urine—Marsilid! (1-isonicotinyl-2-isopropylhydrazine) 
is an inhibitor of monoamine oxidase both in vitro (5) and in vivo (6). 
Furthermore, it is also reported to have some effect on diamine oxidase.* 
In this study it was found to have a marked effect in altering histamine 
metabolism in the mouse. At elevated concentrations of Marsilid, Peak 2 
as well as Peak 1 is largely repressed (Table 1). The nature of the enzyme 
system responsible is not known. 

When Peak 2 is repressed, the mouse excretes additional unchanged 
histamine. Isotope dilution assay of the urine of a mouse treated with 
190 y of Marsilid per gm. of body weight gave a value of 88 per cent free 
histamine. 

* The author is indebted to Professor E. A. Zeller for suggesting the use of pico- 
linic acid hydrazide as a diamine oxidase inhibitor and for providing a sample of this 
compound. 

3 Personal communication from E. A. Zeller. 
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Several other substances tested had little effect on the chromatographic 
pattern of mouse urine. They are ephedrine, a purported monoamine 
oxidase inhibitor,‘ pyribenzamine, an antihistamine, and 8-3-thienylalanine, 
an antimetabolite of histidine (Table I). 

Histamine-Metabolizing Activity in Rat Organs—In an attempt to deter- 
mine the distribution of histamine-metabolizing enzymes among the organs 
of intact animals, it was considered to be a reasonable assumption that the 
magnitude of the ratio, total C'* to C'*-histamine, in organs of animals 
killed shortly after administration of C'*-histamine would be a rough meas- 


TABLE IT 
Distribution of Histamine-Metabolizing Enzymes in Rat 


Data from two rats given intravenously 0.05 y of C-histamine per gm. of body 
weight; killed 5 minutes after injection. 


Per cent of total | Per cent of total | 








injected C4in | injected C4in | A 
Organ | organ | organ as histamine | B 
| (4) | oy | 
| a ae a” 2.7 
| EAC e Ee eae Pe Se. 4 | 13.8 3.8 3.6 
i. SASS UBMERLCL SO OG AGE ee Bees = d | BEY, 9.3 1.3 
BN occa pce kc Mal sige «6 ard ete | 3.8 2.6 1.5 
POMIG IL THUOBULNG. 65 cic oi5.6ct ede sie b.0r0s 6.1 0.9 6.8 
Boch Wigs Wil Berea les: ede d te. Lord 5.8 0.7 8.3 
Large amir t re. wien dels st ie 4.3 1.0 4.3 
Ma iis aseebssh 2.3 0.4 5.8 
MMMRE tbe dad Mb.esteaud paciasks 2.2 et 2.0 
ah SERRE ELEN eer | a7 1.5 1.8 
gm. gm. 
Muscle (hind leg)................. 0.40 0.23 7% 
“cc “ “ce 1.6 


7 Ne are a | CS | 


ure of the ability of these organs to metabolize histamine. Thus, in the 
rat it might provide evidence of diamine oxidase distribution. 

Small, mature rats were injected intravenously with 0.05 y of C"-his- 
tamine per gm. of body weight. After 5 minutes each animal was de- 
capitated and the organs immediately removed and frozen. Each organ 
was then homogenized in a Potter-Elvehjem homogenizer in water con- 
taining 2 mg. of carrier histamine dihydrochloride. Protein was precipi- 
tated with trichloroacetic acid, filtered, washed, and discarded. Trichloro- 
acetic acid was removed from the filtrate by ether extraction and excess 
ether blown off. After measurement of its volume, the extract was divided 
into two equal parts. To one-half were added 48.8 mg. of additional 

4 Although it has been proposed that ephedrine exerts its sympatheticomimetic 


effect by inhibition of monoamine oxidase (7) this laboratory, by a technique already 
presented (6), has been unable to demonstrate this effect in vivo. 
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histamine dihydrochloride, giving a total of 49.8 mg. (30 mg. of histamine 
base). Histamine was isolated as follows: The solution was evaporated to 
a small volume; excess picric acid was added; the hot solution was treated 
with Norit and filtered. The histamine dipicrate was counted at infinite 
thickness. The remaining one-half was assayed for total C' by evaporat- 
ing small aliquots to dryness, counting, and correcting to zero thickness. 
Percentages of total injected C™ in each organ as (A) C™ and (B) C¥- 


TaBLeE III 
Distribution of Histamine-Metabolizing Enzymes in Mouse 


Data from two mice given intravenously 0.20 y of C'4-histamine per gm. of body 
weight; killed 5 minutes after injection. 


, Percent of total | Per cent of total 








Oo injected C4 in injected C4 in | A 

rgan organ | organ as histamine | B 

(A) | (B) 
ee AU elas ala wey 2.2 7.0 
> SERGE ak a tea ee 20.6 4.0 5.1 
Si ai eici Han rancnsaied: 3.6 | 2.6 1.4 
OG eae oP eB AY ends 2 oe 3.7 | 2.0 1.9 
Sina TUOBOING ssi. 50 ois gine yee oe oes 6.8 4.9 1.4 
" Be state esi ar iaNG Enea ce eee ve 4.8 1.5 
Large OGONT FINNEY i nye Bes be Nie 3.1 2.5 1.2 
. 9S Be LEE AL OE 5 PO 2.4 1.8 1.3 
NAG a ul di at: bien naib ice. Pyaar | 1.5 0.9 1.7 
Oe A cassie ieee aye BE choad ae 1.0 0.8 1.3 

| gm. gm. 

Muscle (hind leg)................. | 2.0 1.4 1.4 
PEP aed Renta eee 2.0 1.2 | 1.6 








histamine were computed, and the ratio determined. The results are 
shown in Table IT. 


5 In order to compute values for per cent of total injected C™ found in each organ 
as (A) total C4 and (B) C'4-histamine, it was necessary to assay the original solution 
in two ways. First, the original solution was assayed in minute amounts requiring 
no thickness correction, giving the counts per minute at zero thickness. A curve 
was then prepared by adding a constant amount of C'4-histamine to varying amounts 
of the trichloroacetic acid extract of the organs of a normal rat, plating, counting, 
and plotting the observed counts per minute against the weight on the plate. By 
means of this curve, the observed counts per minute in the assays of the organs were 
corrected to counts per minute at zero thickness. This value (corrected for aliquot 
used) divided by the total counts per minute of the injected solution, gave A in 
Tables II and III. Second, the original solution was assayed by adding a known 
amount to the same quantity of carrier histamine used for the samples, converting 
to the dipicrate, counting at infinite thickness, and correcting for background. 
This value was used to compute B in Tables II and III. In most samples the stand- 
ard error in counting was less than 5 per cent; in the lowest samples it was less than 
7 per cent. 
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Histamine-Metabolizing Activity in Mouse Organs—By a technique simi- 
lar to that used in the rat, histamine-metabolizing activity in the organs 
of mice was studied. In an attempt to facilitate the course of metabolism 
toward the compound of Peak 2 the mice were first injected subcutaneously 
with 50 y of Rimifon per gm. of body weight to repress the formation of the 
compound of Peak 1. After 20 minutes they were given intravenously 
0.20 y of C'4-histamine per gm. of body weight and killed after 5 minutes, 
total C and C"-histamine being determined in the organs as previously 
described. The results are shown in Table III. The liver is the only 
organ in which the presence of pronounced histamine-metabolizing ac- 
tivity is demonstrated by this technique. 


DISCUSSION 


The evidence collected from two independent approaches indicates that 
diamine oxidase probably plays a major part in histamine metabolism by 
the rat. One fact is the demonstration of imidazoleacetic acid as an inter- 
mediate (3); the other is the profound alteration of the chromatographic 
pattern of urinary metabolites of histamine by diamine oxidase inhibitors. 
It is likely that Peak 1 is due to a compound, still unidentified, formed by 
further metabolism of imidazoleacetic acid. In the mouse the repression 
of Peak 1 by diamine oxidase inhibitors suggests that this peak is due to 
the same compound that forms Peak 1 in the rat. It is perhaps formed by 
the same mechanism. However, there is no direct evidence for their iden- 
tity. The major metabolic route of histamine metabolism in the mouse is 
unknown. Although Marsilid, which inhibits the formation of the major 
metabolite in mice, is a monoamine oxidase inhibitor, it may also act on 
many other enzyme systems. 

The study of histamine-metabolizing activity in the organs of the rat 
clearly implicates the intestine as the principal site. The values obtained 
closely parallel those® of diamine oxidase in rat organs found by Zeller 
etal. (8). Ratios between 1 and 2, found in most organs (Table IT), cannot 
be interpreted to imply histamine-metabolizing power. The excess of 
total C'* over C'-histamine in these organs may be due to the presence 
of metabolic products formed elsewhere. Only a ratio above 2 has been 
assumed to indicate histamine-destroying power. The high ratio found 
for liver (Table II) may be in part due to diamine oxidase activity, al- 
though it may be in part due to the action of the liver in metabolizing 
histamine in the path of formation of the compound of Peak 2. In the 
mouse the liver appears to be the only organ significantly active in the early 
phase of conversion of histamine to the compound of Peak 2 (Table III). 

6 These authors report values for diamine oxidase in the organs of the rat (based 


on ammonia formation from cadaverine) of intestine 8, liver 1.1, kidney trace, and 
muscle +. 
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SUMMARY 


Studies involving the effect of inhibitors on chromatograms of C'-his- 
tamine metabolites indicate that diamine oxidase is the major histamine- 
metabolizing enzyme in the rat in vivo. In the mouse diamine oxidase is 
of minor importance; the major histamine-metabolizing enzyme system 
remains unidentified. Data are presented which suggest that the site of 
greatest histamine-metabolizing activity in rats is the intestine, while in 
mice it is the liver. 
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(From the Department of Chemistry, Polytechnic Institute of Brooklyn, Brooklyn, 
New York) 


(Received for publication, December 18, 1952) 


Desoxypentose nucleic acid preparations, when isolated under mild con- 
ditions from calf thymus and other sources in the form of the sodium salt 
(STN), are macromolecular in nature (ef. Greenstein (1)). In aqueous 
solutions, they exhibit properties which indicate a high degree of dissym- 
metry of the molecules. Preparations isolated from the same source by 
different methods frequently exhibit great differences in their macromolec- 
ular behavior. These variations have been attributed to the fact that 
STN preparations are susceptible to depolymerization by a variety of 
physical and chemical factors (cf. Goldstein and Stern (2)). The question 
has arisen as to whether it is possible to obtain STN preparations in com- 
pletely “native” form, 7.e. without any degradation. Recent work (ef. 
Chargaff et al. (3)) indicates that desoxypentose nucleic acids isolated from 
various sources (thymus, sperm, yeast, etc.) differ with regard to their 
chemical composition. 

The purpose of the present experiments was to study,-under well defined 
experimental conditions, the molecular sedimentation of STN preparations 
isolated by different investigators from the same source, namely, calf thy- 
mus, in the analytical ultracentrifuge. Special attention was paid to the 
effect of the STN concentration and ionic strength of the solvent on the 
sedimentation rate and the definition of the boundaries as recorded by an 
integrating schlieren optical system. In addition, some preliminary ob- 
servations on the sedimentation behavior of STN preparations from herring 
sperm and Escherichia coli will be presented. 


EXPERIMENTAL 


Materials and Methods—The nucleic acid preparation employed in the 
majority of the experiments represented a highly purified preparation of 
the sodium salt of desoxyribose nucleic acid. This material had been pre- 
pared by Signer and Schwander (4) from calf thymus by a combination of 

* This work was supported, in part, by a grant from the National Cancer Insti- 
tute, National Institutes of Health, United States Public Health Service. 


+ Present address, Department of Chemistry, Adelphi College, Garden City, 
New York. 
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the methods of Mirsky and Pollister (5) for the isolation of desoxyribose 
nucleoproteins and of Hammarsten (6) for the removal of the histone from 
the nucleic acid. The preparation (designated as Signer and Schwander 
STN Preparation V) had been precipitated twice with ethanol and dried 
with alcohol and ether. It represented a white, asbestos-like material 
which, upon storage over saturated NaCl solution, had a water content of 
28.9 per cent, as determined by drying in a high vacuum at 50°.! For the 
present experiments the hydrated compound was used. 

The STN preparation dissolved in distilled water slowly to yield colorless, 
highly viscous solutions exhibiting a strong double refraction of flow. The 
electrometric titration curves, covering the pH range from 2 to 12, were 
similar to those obtained by Gulland et al. (7), particularly with regard to 
the differences between the forward and back-titration curves.! The re- 
sidual protein content was of the order of 0.3 per cent! and probably with- 
out consequence for the molecular sedimentation behavior of the material. 
For information on the flow of birefringence and viscosity behavior of solu- 
tions of this preparation reference is made to recent publications from 
Professor Signer’s and Professor Sadron’s laboratories (8-10). 

For the ultracentrifuge experiments, performed in 0.2 m NaCl solution, 
57 mg. of the hydrated material were dissolved in a few ml. of distilled 
water in the refrigerator at 4—5° with occasional agitation. Water was then 
added to a final volume of 10 ml. The various STN solutions were pre- 
pared from this stock solution with the aid of NaCl solution as diluent and 
the STN concentrations were calculated on a weight basis, the water con- 
tent being taken into account. For the experiments performed in 0.001 
M NaCl solutions, the desoxyribose nucleinate was first dissolved in dis- 
tilled water to yield a 0.3 per cent stock solution. The various dilutions 
were then prepared by adding distilled water and NaCl solutions of appro- 
priate strength. The STN concentrations of the final solutions were de- 
termined by measuring their optical density at 259 mu in a Beckman 
quartz spectrophotometer and employing a calibration curve prepared with 
the aid of the same STN preparation. For the ultracentrifuge experiments 
performed at other ionic strengths (see below), the STN was dissolved in 
distilled water to yield a 0.57 per cent stock solution. The salt content of 
the various aliquots used for these experiments was established by diluting 
this stock solution 10-fold with NaCl solutions of the proper strength. 
The NaCl content of the STN preparation itself was not taken into con- 
sideration. It was probably extremely small. 

Additional ultracentrifuge experiments were performed on the following 
STN preparations. 

Sodium Desoxyribose Nucleinate Preparation G-1—This material had been 


1 Signer, R., personal communication. 
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prepared in Dr. J. P. Greenstein’s laboratory from calf thymus by a modi- 
fication (11) of the classical Bang-Hammarsten method and had the ap- 
pearance of colorless, asbestos-like fibers, characteristic of the high poly- 
mer form of STN. 

STN Preparation H-1—This material was a highly purified STN prepa- 
ration from calf thymus, placed at our disposal by Professor E. Hammar- 
sten. It had been freed of pentose nucleotides by a procedure involving 
high speed centrifuging in phenol solution (12) and, presumably, a certain 
amount of depolymerization. In contrast to the other STN preparations, 
this material has the appearance of a white powder and in phenol possesses 
a molecular weight of 33,000 (12). Dielectric dispersion measurements on 
aqueous solutions yielded values ranging from 56,000 to 196,000, depending 
on the STN concentration employed (13). 

STN Preparation T-5/1—This material was isolated from calf thymus 
by Gulland et al. (14) according to Mirsky and Pollister’s procedure for the 
isolation of desoxyribose nucleoproteins (5), followed by treatment with 
chloroform and alcohol for the separation of protein from nucleic acid. 
The sample represented a white, fibrous, air-dried solid. This preparation 
has been the subject of electrometric titration (7, 15), viscosity and stream- 
ing birefringence (16), as well as electrophoretic (17, 18) studies in Gulland 
and Jordan’s laboratory. In addition, the molecular sedimentation of the 
preparation in the oil turbine velocity ultracentrifuge and its diffusion 
constant have been measured by Cecil and Ogston (19). 

STN Preparations BC-1, BC-2, and BC-(3 + 4)—These desoxypentose 
nucleinate preparations were isolated in our laboratory from F. coli cells 
placed at our disposal by Dr. K. H. Lewis, Camp Detrick, Frederick, Mary- 
land. The bacterial cells were disintegrated by grinding with Pyrex glass 
powder (Preparation BC-1) or by vibrating them with glass beads (Prepa- 
rations BC-2 and BC-3) (12). The method of preparation of the sodium 
desoxypentose nucleinate was similar to that used by Chargaff and Zamen- 
hof (20) in their work on yeast. The final products represented colorless, 
asbestos-like fibers. 

STN Preparations HES-1a and HES-1c—Herring sperm (stored at 
—20°), which was kindly furnished to us by Dr. R. J. Block, New York 
Medical College, was employed as the source material for these STN sam- 
ples. After removing the cytoplasmic proteins from homogenized sperm 
cells by exhaustive extraction with 0.2 mM NaCl solution, the nuclear residue 
was dissolved in M NaCl (ef. (5)). After clarification in the high speed 
centrifuge, STN was prepared from aliquots of the resulting, viscous nucleo- 
protamine solution by different methods. One part of the material served 
for the separation of the nucleic acid and protamine components by dialysis 
against M NaCl solution (cf. Mirsky and Pollister (5)). The non-dialyzable 
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fraction was subsequently freed of salt by dialysis against distilled water 
and dried from the frozen state (Preparation HES-lc). The material gave 
negative tests for protein with sulfosalicylic acid and for arginine with 
Sakaguchi’s reagent. Another portion of the nucleoprotamine solution 
was treated with 2 parts of ethanol and the resulting precipitate of sodium 
desoxypentose nucleinate was further purified by redissolving it in water 
and repeating the alcohol precipitation (Preparation HES-1a). 

For the sedimentation experiments an air-driven ultracentrifuge of the 
turret type, constructed according to Pickels, was employed (21). The 
centrifuge was equipped with an optical system of the integrating schlieren 
type devised by Philpot. An air-cooled General Electric mercury high 
pressure lamp (BH-6) served as the light source. The rotor spun in a low 





a b Cc r B 
Fia. 1. Ultracentrifuge sedimentation diagrams of sodium desoxyribose nucle- 
inate from calf thymus (Signer-Schwander Preparation V), dissolved in 0.2 m sodium 
chloride. (a) 0.34 per cent STN, 55 minutes after reaching full speed (40,740 r.p.m.); 
(b) 0.114 per cent STN, 67 minutes after reaching full speed (39,600 r.p.m.); (c) 0.057 
per cent STN, 27 minutes after reaching full speed (40,680 r.p.m.); (d) 0.029 per cent 
STN, 24 minutes after reaching full speed (38,520 r.p.m.). 


pressure (10 mm.) hydrogen atmosphere; the temperature variation during 
individual experiments did not exceed 1°, as measured at the beginning 
and conclusion of the run with a thermocouple. The thickness of fluid 
layer in the ultracentrifuge cell was 10 mm. The angle of the diagonal 
schlieren diaphragm was held constant at 15° throughout. 

Observations and Results—Three series of experiments were performed on 
the Signer-Schwander STN Preparation V. In the first series of seven 
runs, 0.2 mM NaCl solution was employed as the solvent and the nucleinate 
concentration was varied over a range from 0.03 to 0.46 per cent. Four of 
the sedimentation diagrams recorded in these experiments are reproduced 
in Fig. 1. The sedimenting boundaries were well defined throughout. At 
the higher STN concentrations employed (0.085 to 0.34 per cent) the peaks 
were hypersharp, whereas at the lower concentrations (0.029 and 0.057 per 
cent) a small but significant spreading of the boundaries occurred in the 
course of sedimentation. This sedimentation behavior is characteristic of 
linear polymer molecules which tend to interact even in relatively dilute 
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solutions and thus convey the impression of a high degree of homogeneity 
although they actually represent polydisperse systems (cf. (21)). The sed- 
imentation rates, reduced to water at 20°, varied from so) = 4.8 to 12.0 X 
10-" em. per second per dyne, depending on the STN concentration (see 
Fig. 2). The strong dependence of the sedimentation constant on the 
STN concentration is indicative of the highly asymmetric shape of the 
nucleic acid molecules. The form of the s/c curve (Fig. 2) makes it pos- 
sible to extrapolate s graphically to zero STN concentration. A sedimen- 
tation constant of seo = 13.68 is thus obtained.’ 
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Fic. 2. Sedimentation rate of sodium desoxyribonucleinate from calf thymus 


as a function of STN concentration. ©, measurements performed in 0.2 m sodium 
chloride as solvent; @, 0.001 m NaCl. 





A second series of nine ultracentrifuge experiments was performed at an 
NaCl concentration of 0.001 m (uncorrected for presence of traces of NaCl 
in the STN preparation). In this series, the nucleinate concentration was 
varied from 0.019 to 0.4 per cent. Five representative sedimentation dia- 
grams are shown in Fig. 3. The sedimenting boundaries were hypersharp 
over the concentration range from 0.096 to 0.4 per cent. At 0.05 per cent 
and still lower concentrations the boundaries were well defined but ex- 
hibited a noticeable amount of spreading in the course of sedimentation. 
In this solvent, the sedimentation constants, S20, ranged from 3.9 to 12.18. 
The graphic representation (Fig. 2) reveals the extreme degree of concen- 
tration dependence of the sedimentation velocity in a medium of such low 


2 § represents the symbol for Svedberg units which possess the dimension of 10718 
em. per second per dyne. 
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ionic strength. In this instance no extrapolation to zero STN concentra- A 
tion is feasible. The graph (Fig. 2) also shows that at comparable nu- do 
cleinate concentrations the sedimentation rates in 0.001 Mm NaCl solution co 
were appreciably smaller than in 0.2 m NaCl, with the exception of the én 
lowest STN concentrations studied. 

The third series of seven ultracentrifuge experiments was carried out at th 
a constant STN concentration of 0.057 per cent, while the NaCl concentra- pr 
tion was varied from 0 to 4.5 mM. The STN boundaries recorded in 0.001 tic 
to 0.1 Mm NaCl solutions weye sharply defined, whereas a noticeable degree 
of boundary spreading occurred in distilled water on the one hand and in 
0.2 to 4.5 mM NaCl solutions on the other. In the experiments performed 

a b C a e€ 

Fic. 3. Ultracentrifuge sedimentation diagrams of sodium desoxyribose nucle- 
inate from calf thymus, dissolvyd in 0.001 m sodium chloride. (a) 0.4 per cent STN, 
63 minutes after reaching full speed (37,680 r.p.m.); (b) 0.2 per cent STN, 55 min- 
utes after reaching full speed (37,920 r.p.m.); (c) 0.096 per cent STN, 55 minutes 
after reaching full speed (37,260 r.p.m.); (d) 0.05 per cent STN, 50 minutes after 
reaching full speed (39,000 r.p.m.); (e) 0.04 per cent STN, 57 minutes after reaching 
full speed (39,960 r.p.m.). 
in 0.99 and 4.5 Mm NaCl solutions, an additional refractive index gradient as 
was observed. This second gradient was very pronounced during the early fo 
stages of the experiments and flattened out rapidly after the final speed of - 
the centrifuge was attained. The area under the extra gradient was a 
function of the salt concentration and was much larger than the area under ™ 
the nucleinate boundary. Control experiments with sodium chloride solu- o 
tions of corresponding concentration demonstrated that the extra gradient 7m 
was due to the salt itself. ul 

The sedimentation rates of STN were found to vary with the ionic ol 
strength of the solvent. As shown in Fig. 4, the sedimentation constant, * 
Seo, Increased from 5.7 to 10.9 8S in the NaCl range from 0.001 to 0.1 M. 
Little or no change in sedimentation velocity was observed at salt concen- ” 
trations from 0.1 to 0.99 m, after the necessary corrections were made for le 
the increase in density and in viscosity, due to the NaCl. The values p 
obtained in distilled water and in 4.5 mM NaCl solution were not included ra 
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in the graph, since in the absence of salt electrostatic charge effects un- 
doubtedly became highly effective (cf. (22)) and because at the 4.5 m NaCl 
concentration the superimposed salt gradient produced a corresponding 
density gradient in the fluid cell (see also Atlas (23)). 

Fifteen experiments were performed on STN preparations other than 
the Signer-Schwander Preparation V. Information on these nucleinate 
preparations may be found under “Materials and methods.’ All prepara- 
tions were examined in 0.2 m NaCl solutions, except the Hammarsten 
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Fic. 4. Sedimentation rate of sodium desoxyribose nucleinate from calf thymus 
as a function of sodium chloride concentration. O, present measurements, per- 
formed on Signer-Schwander Preparation V at 0.057 per cent STN concentration; 
@, determinations by Cecil and Ogston (19) on Gulland, Jordan, and Threlfall’s 
Preparation T-5/1 at 0.05 per cent STN concentration. 


material (Preparation H-1) which was studied in 0.11 Mm NaCl solution and 
one of the FZ. coli samples (Preparation BC-(3 + 4)) which was examined 
in 0.1 M phosphate buffer, pH 7.1. The results obtained in this series of 
ultracentrifuge runs are summarized in Table I. For comparison, the data 
obtained with the Signer-Schwander Preparation V in 0.2 M NaCl are also 
included. 

The calf thymus Preparation T-5/1 of Gulland, Jordan, and Threlfall 
exhibited hypersharp sedimenting boundaries and sedimentation rates simi- 
lar to those recorded with the Signer-Schwander Preparation V under com- 
parable experimental conditions. No gel fraction was observed in these 
experiments. In the instance of Greenstein’s calf thymus Preparation G-1, 
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the definition of the sedimenting peaks failed to attain the degree of hyper. 
sharpness observed with Signer and Schwander’s STN Preparation Y. 
However, the sedimentation constant, measured in 0.04 per cent solution, 
indicates that both materials possess molecular weights of the same order, 
In the case of the calf thymus Preparation H-1, purified by Hammarsten 
according to his more recent method (12), the sedimenting boundaries ex- 
hibited appreciable spreading even at concentrations as high as 0.9 per cent, 
This fact, taken together with the lack of concentration dependence of sedi- 


TaBLeE I 
Sedimentation Data for Sodium Desoxyribose Nucleinate Preparations 
from Different Sources 

















STN preparation | 
| STNgmem-| solvent ——_—, Sedimentation 
Source Designation | 
per cent | 
Calf thymus Signer-Schwander 0.029 0.2 m NaCl 12.0 
V 0.057 10.7 
0.085 9.8 
0.114 8.8 
0.22 | 6.2 
0.34 5.5 
| 0.46 | 4.8 
oo 4 Gulland et al. 0.09 | 0.2m NaCl | 10.5 
T-5/1 0.12 9.6 
Je - Greenstein G-1 0.04 Ora tee 13.0 
| 0.08 | 10.5 
ial | Hammarsten H-1 0.27 | 0.11 m NaCl "7 
| 0.7 7.4 
| | 0.9 7.6 
erring sperm | HES-la 0.06 | 0.2 m NaCl 7.5 
E. coli | BC-2 | 0.067 |0.2« « 11.4 
| BC-(3 + 4) | 0.055 | 0.1 ‘* phosphate, 11.6 


pH 7.1 


mentation rate, indicates that the material had undergone some depoly- 
merization. None of the herring sperm materials (Preparations HES-la 
and HES-1c) exhibited a hypersharp sedimenting boundary characteristic 
of high polymer or “native” nucleic acid. Of the three STN preparations 
from E. coli, two, viz. Preparations BC-2 and BC-(3 + 4), gave evidence 
of the presence of high polymer material, in addition to polydisperse con- 
taminants. 


DISCUSSION 


Although observations on the sedimentation behavior of sodium desoxy- 
ribose nucleinate preparations have previously been reported (cf. (11, 24, 
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25)), none of these represented a systematic study of various STN prepara- 
tions, obtained from the same biological source, as performed under iden- 
tical experimental conditions in which the influence of STN concentration 
and ionic strength on sedimentation rate was accounted for. 

Tennent and Vilbrandt (25) examined the sedimentation behavior of 
several STN preparations from thymus, prepared in different laboratories 
by modifications of Hammarsten’s method (6). Of the three STN prepara- 
tions examined in 0.17 m NaCl solution, only one exhibited a strong con- 
centration dependence of sedimentation rate. However, the form of the 
s/c plot did not allow for an extrapolation to infinite dilution. 

Cecil and Ogston (19) studied the sedimentation behavior of the STN 
Preparation T-5/1 of Gulland et al. (14). With 0.2 m NaCl as the solvent, 
these workers obtained an extrapolated sedimentation constant of 12.6 S. 
This value is in excellent agreement with the corresponding figure obtained 
in the present investigation for Signer and Schwander’s STN Preparation 
Vy. Furthermore, the experiments performed in this laboratory on Prepa- 
ration T-5/1 of Gulland et al., yielded sedimentation values (see Table I) 
which are in close agreement with those obtained by Cecil and Ogston 
for the same material. The gel component, occasionally observed by Cecil 
and Ogston in solutions of this preparation, was not encountered by us. 
Kahler (26) studied the sedimentation of an STN preparation made by 
Greenstein and Jenrette (27) by the earlier method of Hammarsten. With 
phosphate buffer containing NaCl (pH 7.4, u = 0.3), an extrapolated value 
of 12.5 S was obtained, in close agreement with Cecil and Ogston’s and our 
data obtained on different STN preparations with 0.2 m NaCl as solvent. 

More recently, Conway et al. (28) have reported extrapolated values of 
12.0 S and 13.5 8 for STN preparations obtained in their laboratory by a 
method very similar to that employed by Gulland e¢ al. (14). 

The observations reported in the present paper emphasize the importance 
of the ionic environment in studies of the sedimentation behavior of macro- 
molecular polyelectrolytes of the type represented by sodium desoxyribose 
nucleinate. This problem has been discussed by Saverborn (29) in connec- 
tion with sedimentation experiments on acid polyuronides and by Rosen 
et al. (30) who studied the molecular kinetic behavior of polyvinyl pyr- 
idintum bromide, a synthetic polyelectrolyte. 

The need for extrapolation of experimental sedimentation values to zero 
solute concentration in order to eliminate the effect of interaction of the 
large, asymmetric STN molecules on sedimentation rate has previously 
been demonstrated in studies on other, linear polymer systems (cf. (22)). 
Another consequence of this molecular interaction or entanglement is the 
artificial sharpening of the sedimenting boundaries observed even in rela- 
tively dilute solutions. However, by extending the studies to the lower 
limit of solute concentration set by the sensitivity of the optical method 
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employed and by the density gradient required for boundary stability, it 
has been possible to demonstrate a spreading of the sedimenting bound- 
aries of STN which is indicative of the polydisperse nature of STN prepara- 
tions (see Figs. 1 and 3). 

The different shape of the s/c curves, as obtained for STN in solvents of 
different ionic strength (Fig. 2), and the strong dependence of sedimenta- 
tion rate on ionic strength at identical STN concentrations (Fig. 4) would 
appear to indicate that the shape of the individual nucleinate molecules ig 
a function of the sodium chloride concentration, viz. that they are more 
extended in solvents of low and more compact in solvents of high ionie 
strength. The problem of the fine structure and shape of STN molecules 
has recently been discussed elsewhere (31). 


SUMMARY 


The molecular sedimentation of a high polymer sodium desoxyribose 
nucleinate (STN) preparation from calf thymus has been studied over a 
wide range of STN concentrations and ionic strengths of the solvent (so- 
dium chloride). 

It is shown that the sedimentation rate of STN is strongly dependent on 
concentration and that it is also a function of the ionic strength of the solu- 
tions. The spreading of the sedimenting boundaries, as observed in dilute 
STN solutions, is attributed to the polydisperse character of the material. 

The sedimentation constant in 0.2 mM NaCl solution, as extrapolated to 
zero STN concentration, is found to be 13.6 Svedberg units, in satisfactory 
agreement with previous observations. 

The sedimentation behavior of several other STN preparations, isolated 
from calf thymus, Escherichia coli, and herring sperm, has been studied for 
purposes of comparison. 


The authors wish to express their appreciation to Professors R. Signer, 
E. Hammarsten, and D. O. Jordan, and to Dr. J. P. Greenstein for gener- 
ous gifts of highly purified sodium desoxyribose nucleinate preparations. 
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A PARTIAL MICROBIOLOGICAL SYNTHESIS OF 
HYDROCORTISONE 


By D. R. COLINGSWORTH, J. N. KARNEMAAT, F. R. HANSON, 
M. P. BRUNNER, KINGSLEY M. MANN, ann WILLIAM J. HAINES 


(From the Research Laboratories, The Upjohn Company, Kalamazoo, Michigan) 


(Received for publication, December 29, 1952) 


The early isolation of hydrocortisone! (17-hydroxycorticosterone, Reich- 
stein’s Substance M, Kendall’s Compound F) from the beef adrenal cortex 
was reported in 1937 by Reichstein (1), in 1938 by Mason, Hoehn, and 
Kendall (2), and in 1939 by Kuizenga and Cartland (3). Recent clinical 
studies by Hench et al. (4) indicate that this steroid has a therapeutic 
action in rheumatoid arthritis, similar to cortisone. Boland (5, 6) has 
found hydrocortisone to be superior to cortisone in some respects. 

With 11-desoxy-17-hydroxycorticosterone (Reichstein’s Substance S) as 
the substrate, hydrocortisone has been isolated from perfusates of beef 
adrenals (7) and from extracts resulting from incubation of adrenal homog- 
enates (8-10). Sweat (11) has accomplished a similar hydroxylation, using 
enzymes present in the insoluble constituents of adrenal cortical cells. 

It is the purpose of this paper to describe the partial microbiological 
synthesis of hydrocortisone by means of the 11-oxygenation of 11-desoxy- 
17-hydroxycorticosterone with Streptomyces fradiae, Waksman strain 3535. 

Preliminary reports on the 11-oxygenation of steroids by microorganisms 
have been published (12-15). 


EXPERIMENTAL 


Fermentation—One hundred 500 ml. Erlenmeyer flasks, each containing 
100 ml. of a tryptose medium (K,HPO, 1.0 gm., MgSO,-3H,0 0.5 gm., 
HCl 0.5 gm., FeSO,-7H,O 0.001 gm., soluble starch 20.0 gm., tryptose 10 
gm., distilled water 1 liter, pH 7.0), were sterilized and inoculated with a 
5 per cent suspension of a 72 hour vegetative inoculum of S. fradiae 3535. 

After incubation on a rotary shaker at 26° for 48 hours, 10 mg. of Reich- 
stein’s Substance §,? dissolved in 3.3 ml. of redistilled ethanol, were added 
aseptically to each flask, and incubation was continued for an additional 
24 hours. The final pH of the contents of these flasks was 6.49. 

Extraction—The contents of the flasks were combined, the cells removed 
by filtration, and the steroids extracted as outlined in Diagram 1. 


1 This name was suggested for 17-hydroxycorticosterone by Dr. E. C. Kendall in 
a paper presented before the American Academy of Orthopedic Surgeons at Chicago, 
in January, 1951. 

* Purchased from The Glidden Company, Chicago, Illinois. 
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Diagram 1. Steroid Extraction Flow Chart 


Fermentation products 


| 



































Filtrate (10 liters) Filter cake 
Diluted to 10% acetone Stirred three times with 1 
liter of acetone and fil- 
Extracted 4 times with 2 tered 
liters of methylene 
chloride 
Pooled aqueous ace- Cell residue dis- 
10% acetone fraction tone filtrates carded 
Diluted to 20% acetone Acetone removed 
and aqueous resi- 
Extracted twice with 2 due eregenng 3 
liters of methylene times with 500 ml. 
dhiletide methylene chloride 











| | Combined methyl- 
ene chloride ex-) 
tracts | 





| 





Aqueous acetone Aqueous residue 
phase discarded discarded 
Distilled in vacuo 
Concentrated to 100 ml. 
Solids = 1830 mg. 


50 ml. of this 100 ml. concentrate were placed at the top of a paper 
chromatogram 1.3 cm. wide and 45.6 cm. long. The steroids present were 
separated and identified according to the methods of Zaffaroni et al. (16, 
17). The time required for development was shortened by using a solvent 
system consisting of toluene containing 30 per cent volume per volume of 
ethylene chloride. Fig. 1 is an ultraviolet print of developed paper chro- 
matogram strips evaluated with the aid of the fluoroscopic paper chromato- 
gram scanner (10, 18). Examination of Strip A shows that a bioconver- 
sion product has been formed from Substance 8, which possesses a paper 
chromatogram polarity similar to that of the standard hydrocortisone in 
Strip B. 

Chromatographic Purification. Step I—A Pyrex tube, 2.5 cm. in diam- 
eter, with a coarse sintered glass plate in the bottom, was filled with 50 
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gm. of activated magnesium silicate* to a height of 20.5 cm. The formed 
column was then washed first with 500 ml. of acetone and then with 500 
ml. of ethylene chloride. 

The concentrated extract of Diagram 1 was freed of methylene chloride 
and suspended in 20 ml. of ethylene chloride. This material was placed on 
top of the silicate. The column was developed successively with 1 liter of 
ethylene chloride, 400 ml. of a 3:1 mixture of ethylene chloride and acetone, 
and finally with 400 ml. of acetone. Concentration of the developed frac- 
tions and identification of their contents by paper chromatograms indicated 
that the hydrocortisone formed from Substance 8 was eluted by the 3:1 
mixture of ethylene chloride and acetone (Fig. 1, Strip C). 


B G0 aS G H 
. 4 ; 
} 

Fic. 1. Photographie reproductions of ultraviolet prints of developed paper 
chromatograms. Strip A, 50 wl. of the 100 ml. concentrated extract of Diagram 1. 
Strip C, 50 wl. of a 25 ml. concentrate of the 3:1 ethylene chloride-acetone fraction of 
the silicate column. Strip E, 10 wl. of a 2 ml. concentrate of Band V separated by 
the automatic chromatographic fraction cutter. Strip G is a reproduction of a 
wide strip paper chromatogram used in the final step of the chromatographic purifi- 


cation. Strips B, D, F, and H are controls showing 40 y spots of authentic hy- 
drocortisone. 


A 








Step II—The fraction containing the hydrocortisone weighed 916 mg. 
It was concentrated to a volume of 10 ml. at 50° under reduced pressure 
in an atmosphere of nitrogen. The resulting concentrate was then purified 
further with an automatic chromatographic fraction cutter* (10, 19). 

A Pyrex tube similar to the one described in Step I was prepared by 
filling with 30 gm. of silica impregnated with 21 ml. of ethylene glycol as 
the stationary phase. The adsorbent was thoroughly washed with meth- 
ylene chloride until no materials absorbing light at about 254 my were 
eluted as indicated by the recording graph. This step in the procedure 
was designed to remove extraneous material from the adsorbent which 


’ Purchased from the Floridin Company, Inc., Department G, Warren, Pennsy]- 
vania, under the brand name of Florisil. 

‘ Additional data on the construction and operation of the automatic chromato- 
graphie fraction cutter will be published subsequently. 
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would interfere with subsequent analysis of the steroids involving the meas. 
urement of absorption of ultraviolet light at this wave-length. The hydro- 
cortisone fraction from Step I, which weighed 916 mg., was dissolved in 5 
ml. of methylene chloride and placed on top of the silica. 

Cyclohexane was chosen as the less polar eluent and methylene chloride 
as the more polar eluent. The various mixtures of these two eluents in 
increasing polarity were passed through the column, and the ultraviolet 
absorption of the eluted bands was recorded on the chart as the steroids 
were removed from the column of the fraction cutter. This chromato- 
graphic separation is illustrated in Fig. 2. 

The solutions of steroids which were collected in the receiving tubes were 
pooled into fractions as indicated by the recorded bands. Each fraction 
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Fic. 2. The evaluation of the separation of steroids effected by the automatic 
chromatographic fraction cutter as it was recorded on the modified strip chart 
recorder. Bands absorbing ultraviolet light at 254 my were divided as indicated 
by the roman numerals. The hydrocortisone was eluted in Band V. Eluent 
changes were made as shown at the top of the figure. The ratios of cyclohexane to 
methylene chloride were as follows: A = 10:1, B = 4:1, C = 2:1, D = 1:1, E = 
methylene chloride. 


was concentrated at 50° in nitrogen to yield a residue which contained 
ethylene glycol. 300 ml. of water were added to each residue, and the 
steroids were recovered by extracting with three 500 ml. volumes of meth- 
ylene chloride. Each fraction was concentrated to 2 ml. The location of 
the steroids was then determined by paper chromatographic analysis. 
The paper chromatograms were examined after development for 18 
hours. The hydrocortisone accompanied by a limited amount of more po- 
lar impurities was located in autochromatographic Band V (Fig. 1, Strip E). 
Step I1I—Band V, containing hydrocortisone and minor impurities 
weighing 40 mg., was further concentrated to 1 ml. This solution was 
then streaked on six 14 em. by 48 cm. paper strips of Whatman No. | 
filter paper impregnated with propylene glycol. These paper chromato- 
grams were developed for 40 hours in the ethylene chloride-toluene system. 
By means of the fluoroscopic scanner, the hydrocortisone region was lo- 
‘ated (Fig. 1, Strips G and H), cut from each strip, and eluted with ethanol. 
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The eluates were combined and the volatile solvents evaporated, leaving 
the steroid in a small volume of propylene glycol. The steroid was recov- 
ered from the glycol by adding 300 ml. of water and then extracting three 
times with 200 ml. of ethylene chloride. After concentrating the extract 
to dryness under nitrogen, the resulting steroid was recrystallized from 
ethyl acetate. 





Fig. 3. X-ray powder patterns of hydrocortisone. Sample A is the isolated 
bioconversion product; Sample B, authentic hydrocortisone. Picker x-ray diffrac- 
tion unit; Debye-Scherrer camera; copper radiation; nickel filter. 
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Fic. 4. Infra-red spectra of hydrocortisone. Curve A, the isolated bioconversion 
product; Curve B, authentic hydrocortisone. WN indicates the region of absorption 
of Nujol, which was used as suspending agent for the steroid samples. The curves 
were recorded by a Perkin-Elmer infra-red spectrophotometer, No. 21. 


A total of 15.0 mg. of crystalline hydrocortisone was obtained, indicating 
an over-all yield of 1.5 per cent from Substance 8. 

Proof of Identity—The crystals isolated from this bioconversion melted 
on a Fisher-Johns block (preheated to 191.5°) at 202-204°. The melting 
point of a sample of authentic hydrocortisone under these conditions was 
found to be 201-204°. The material was found to have an [a]?! value of 
+164.5° (ec = 0.345 in ethanol). 

Comparisons of the bioconversion product with an authentic sample of 
hydrocortisone by means of x-ray powder patterns (Fig. 3) and infra-red 
absorption spectra (Fig. 4) offer further proof of identity. In addition, a 
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mixture of the bioconversion product and authentic hydrocortisone did not 
resolve on a paper chromatogram. 

The acetate of the product was prepared by the standard procedure, 
involving the reaction of acetic anhydride in the presence of dry pyridine 
at room temperature. The resulting crystals were recovered from acetone 
and identified as hydrocortisone acetate by comparison of the infra-red 
spectrum with that of an authentic sample, as shown in Fig. 5. A mixture 
of the acetate formed from the bioconversion product and authentic hydro- 
cortisone acetate was not resolved on a paper chromatogram. 
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Fic. 5. Infra-red spectra of hydrocortisone acetate. Curve A, the acetylated 

bioconversion product; Curve B, authentic hydrocortisone-2l-acetate. N indicates 

the region of absorption of Nujol, which was used as suspending agent for the steroid 

samples. The curves were recorded by a Perkin-Elmer infra-red spectrophotom- 
eter, No. 21. 





SUMMARY 


1. The partial microbiological synthesis of hydrocortisone from 11-des- 
oxy-17-hydroxycorticosterone by Streptomyces fradiae, Waksman strain 
3535, has been demonstrated. 

2. The purification of the hydrocortisone was accomplished by means of 
column and paper chromatography. 

3. The identity of the product was proved by melting point, specific 
rotation, x-ray diffraction pattern, infra-red analyses, paper chromatog- 
raphy of a mixture of the product and an authentic specimen, and the 
preparation of the acetate derivative. 


The authors wish to thank B. L. Davis, B. B. Haynes, G. H. Lund, and 
H. C. Vanderberg for their technical assistance, also J. L. Johnson and his 
staff for securing the infra-red and x-ray data, and N. A. Drake for repro- 
ducing the charts, curves, and paper chromatograms. 
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THE TRICARBOXYLIC ACID CYCLE IN RHODOSPIRILLUM 
RUBRUM 


By MAX A. EISENBERG* 
(From the Hopkins Marine Station of Stanford University, Pacific Grove, California) 


(Received for publication, September 2, 1952) 


The oxidation of acetic acid in the dark by the non-sulfur purple bac- 
terium, Rhodospirillum rubrum, was shown by van Niel (1, 2) to require 
the presence of either carbon dioxide or trace amounts of the C,-dicarboxylic 
acids of the Krebs cycle. These results could readily be interpreted to 
mean that the oxidation of acetic acid proceeds by way of the Krebs cycle, 
the presence of CO, being required to maintain a sufficient concentration 
of the Cy acids. However, a-ketoglutaric, citric, and isocitric acids were 
unable to spark acetic acid oxidation in this organism. In addition, citric 
acid could not be utilized as the sole carbon source for growth. The latter 
findings would imply either that the Krebs cycle is inoperative in R. rubrum 
for the terminal oxidation of acetic acid or that the cell membrane is im- 
permeable to a-ketoglutaric, citric, and isocitric acids. 

The inability of yeast and Escherichia coli to utilize citric acid was 
interpreted by Krebs and Johnson (3, 4) as evidence against the functioning 
of a tricarboxylic acid cycle. Karlsson and Barker (5) were unable to 
demonstrate a tricarboxylic acid cycle in Azotobacter agilis for the terminal 
oxidation of acetic acid. More recently Ajl and coworkers (6-9) claimed 
to have demonstrated a C,-dicarboxylic acid cycle in E. coli for the terminal 
oxidation of acetic acid which enters the cycle by a Wieland-Thunberg 
condensation. In Aerobacter aerogenes, on the other hand, they found 
that the tricarboxylic acid and the C,-dicarboxylic acid cycles are co- 
existent, whereas in Micrococcus lysodetkticus only the tricarboxylic acid 
cycle operates. 

While the evidence mentioned above would indicate that the Krebs 
cycle is not the major pathway for the oxidation of acetic acid by micro- 
organisms, evidence to the contrary has also accumulated. Thus it was 
found by Lynen and Necuillah (10), Campbell and Stokes (11), and Lara 
and Stokes (12) that the inability of yeast, Pseudomonas aeruginosa, and 
E. coli, respectively, to utilize citric acid may be due to the impermeability 
of the cell membrane to this substance. A comparable explanation of 
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Karlsson and Barker’s results with A. agilis is indicated by the recent 
studies of Stone and Wilson (13, 14) with cell-free extracts of Azotobacter 
vinelandii. Similarly, Krampitz (15) obtained evidence for the operation 
of a tricarboxylic acid cycle in cell-free extracts of E. coli. 

The present investigation is a study of the mechanism for the terminal 
oxidation of acetic acid in R. rubrum. 


Materials and Methods 


R. rubrum was grown under conditions of continuous illumination at 25° 
in a medium consisting of 0.1 per cent ammonium sulfate, 0.05 per cent 
magnesium chloride, 0.3 per cent sodium dl-malate, 0.5 per cent yeast 
autolysate, 0.6 per cent phosphate buffer, pH 7.0, and 0.01 per cent calcium 
chloride in distilled water. The phosphate buffer and calcium chloride 
solutions were sterilized separately and added aseptically to the remainder 
of the medium. Strictly anaerobic conditions were not maintained in 
growing the organism; usually a quantity of 400 ml. of medium in a 500 
ml. cotton-stoppered bottle was inoculated with about 40 ml. of a 24 hour 
culture of the organism and the new culture incubated in a light cabinet. 

To obtain a dried cell preparation, the cells from a 24 hour culture were 
harvested by centrifugation, resuspended in m/30 phosphate buffer, pH 
7.0, and placed overnight on a rotary shaker in darkness at 30°. This 
treatment was included to reduce the endogenous respiration of the final 
preparations to a conveniently low value. The cells were centrifuged off, 
washed once with tap water, spread in a thin layer along the sides of the 
centrifuge tube, and dried over concentrated sulfuric acid in vacuo. After 
18 to 24 hours of drying, the flaky material was ground in a mortar and the 
resulting powder stored at either 4° or —10°. 

The cell-free extracts were prepared from living cells according to the 
method of McIlwain (16). The cells were treated in a manner identical 
to that indicated for the dried cell preparations prior to the drying process. 
The washed cells were ground with twice their weight of alumina! and 
extracted with 2 to 5 volumes of M/15 phosphate buffer, pH 7.0. The sus- 
pension was centrifuged in the cold in a Servall centrifuge at 14,000 X g. 

Phosphotransacetylase was prepared according to the method of Ochoa 
et al. (17). The preparation contained trace amounts of condensing en- 
zyme. 

Citric acid was determined by the method of Natelson et al. (18), modi- 
fied to cover the concentration range of 10 to 100 y of citric acid. The 
sample, prepared in 3 N sulfuric acid, was autoclaved at 15 pounds pressure 
for 30 minutes to destroy oxalacetic acid, which also gives a pentabromo- 
acetone reaction. 


11557 AB levigated alumina powder, Buehler, Ltd., Chicago, Illinois. 
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Oxalacetic acid was prepared according to the method of Krampitz 
and Werkman (19). The preparation was 96 per cent pure, as determined 
by the aniline citrate method. Acetyl phosphate was prepared by the 
method of Stadtman and Lipmann (20). d-Isocitric acid was prepared by 
alkaline hydrolysis of dimethyl-d-isocitric lactone (21). The methanol 
produced by this treatment was not eliminated since it is not oxidized by 
either the dried cells or the cell-free extracts. 

DPN? “90,” TPN “10,” ATP, and cytochrome c were obtained from the 
Sigma Chemical Company, TPN (25 per cent) was kindly furnished by 


| Dr. P. Stumpf, and coenzyme A (170 units per mg.) by Dr. Fritz Lipmann 
east | 





or obtained from the Pabst Laboratories. Cocarboxylase was obtained 
from Merck and Company, Inc. 


Results 
Dried Cell Preparations 


Oxidation of Citric and Isocitric Acids—In preliminary experiments with 
dried cells, citric acid was not oxidized. The addition of DPN, TPN, 
cytochrome c, methylene blue, Mgt*, and Mn*, either singly or in com- 
binations, failed to cause oxidation. However, when isocitric acid was 
added to the same preparations, a rapid uptake of oxygen occurred, as 
shown in Fig. 1. These results indicated that the dried cells were devoid 
of aconitase activity. The extremely labile nature of this enzyme has 
been demonstrated by Krebs (21) with animal tissue extracts, and it seemed 
reasonable to expect that the enzyme could have been inactivated either 
during the drying process or during storage of the dried cells. 

Therefore, a fresh batch of dried cells was prepared and checked at inter- 
vals of time for “citric acid oxidase” activity. The results shown in 
Fig. 2, corrected for endogenous respiration, indicate clearly that freshly 
prepared dried cells are capable of oxidizing citric acid and at a rate com- 
parable to that of isocitric acid oxidation. As the preparation aged, the 
rate of citric acid oxidation fell off at an almost constant rate and was 
negligible after 12 to 14 days. There is a lag period in the oxidation of 
citric acid which increases with the age of the preparation. In the older 
preparations (7 to 10 days), 30 to 40 minutes may elapse before oxygen up- 
take occurs. This lag is probably due to the low rate of conversion of 
citric acid to isocitric acid as a result of the decreased aconitase activity. 
It was with the older preparations that many of the preliminary experiments 
were performed, which explains the negative results obtained initially. 

The addition of either DPN or TPN increased the rate of isocitrie oxida- 

The following abbreviations are used: DPN, diphosphopyridine nucleotide; 


TPN, triphosphopyridine nucleotide; ATP, adenosinetriphosphate; OAA, oxalacetic 
acid; CoA, coenzyme A. 
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tion. The addition of methylene blue also increased the rate of oxidation 
in the presence of TPN, but exerted no appreciable effect in the presence 
of DPN. The pH optimum for this system was found to be about 7.5. 
The ability of both DPN and TPN to stimulate isocitric dehydrogenase 
activity would seem to indicate that both a DPN and a TPN isocitric 
dehydrogenase are present in this organism. This possibility was ex- 
amined by preparing a cell-free extract and fractionating the latter accord- 
ing to the procedure described by Kornberg and Pricer for yeast (22), 
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Fig. 1. Oxidation of citric and isocitric acids by dried cells of R. rubrum. The 
reaction mixture contained 20 mg. of dried cells, 125 um of phosphate buffer, pH 7.5, 
and 5 uo of substrate; total volume, 2 ml. 0.2 ml. of 10 per cent KOH in the center 
well; temperature 30°. A, endogenous, O, citric acid, @, isocitric acid. 





Each of the various fractions was tested for its ability to reduce TPN and 
DPN, respectively, in the presence of isocitric acid. None of the fractions 
caused a reduction of DPN, even when the test solution was fortified with 
the cofactors found to be necessary for the yeast enzyme. Reduction of 
TPN occurred under the influence of the precipitate obtained at 0.7 sat- 
uration. 

These results suggest that a DPN-dependent isocitric dehydrogenase 
does not exist in R. rubrum, in which case the stimulation of oxidation by 
DPN must be accounted for in another manner. Since the dried cells do 
possess an a-ketoglutaric acid oxidase, the observed increase in oxygen up- 
take might be due to an oxidation of isocitric acid beyond the a-ketoglutaric 
acid stage, with DPN playing a rdéle in the latter oxidation. DPN has 
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been shown recently to be a cofactor in the a-ketoglutaric acid oxidase 
system (23, 24). This hypothesis was tested in an experiment in which the 
oxidation of isocitric acid by the dried cells was carried out in the presence 
of arsenite. As can be seen from Fig. 3, the oxidation of a-ketoglutaric 


_acid is almost completely suppressed in the presence of arsenite and DPN, 


but the rate of isocitric acid oxidation is still markedly increased by the 
addition of DPN. 


The favorable effect of DPN could also be accounted for by assuming 
the presence, in R. rubrum, of a pyridine nucleotide transhydrogenase 
enzyme system similar to that recently described by Colowick et al. (25) 
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Fic. 2. Effect of age of dried cell preparations on the oxidation of citric acid. 
The reaction mixture contained 20 mg. of dried cells, 135 um of phosphate buffer, pH 
7.0, 5 um of methylene blue, and 5 um of substrate; total volume, 2.2 ml. 0.2 ml. of 
10 per cent KOH in the center well; temperature 30°. ©, 17 hours, @, 65 hours, @ 
137 hours, A, 233 hours. 


for Pseudomonas fluorescens. In favor of this explanation is the fact that 
the rate of isocitric acid oxidation does not increase with increasing DPN 
concentrations, which would be expected if the concentration of TPN is 
limiting the rate of reaction. The absence of methylene blue stimulation 
in the presence of DPN would also fit into this explanation. 

Oxidation of a-Ketoglutaric Acid—The oxidation of a-ketoglutaric acid, 
like that of citric acid, can be demonstrated with dried, but not with intact, 
cells. It is evident from Fig. 4 that the rate of oxidation is not constant, 
but falls off gradually and assumes a value which is identical with that of 
malic acid oxidation. Up to the time of the break in the curve, the molar 
ratio of oxygen taken up to substrate oxidized approaches 1.0. This ratio 
is consistent with the occurrence of a two-step oxidation of a-ketoglutaric 
acid to fumaric and malic acids. The fact that the rate of oxygen con- 
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sumption does not immediately return to the endogenous level after the 
uptake of 1.0 mole of O2 per mole of added a-ketoglutaric acid can be taken 
as evidence for the oxidation of malic acid. 

The pH optimum for this system is about 7.0. The addition of either 
coenzyme A, diphosphothiamine, or DPN to the preparations resulted in 
an increase in the initial rate of oxidation (Fig. 5). The three cofactors, 
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Fig. 3. Oxidation of isocitric and a-ketoglutaric acids in the presence of arsenite 
and DPN or TPN. The reaction mixture contained 20 mg. of dried cells, 100 um of 
tris(hydroxymethyl)aminomethane buffer, pH 7.8, 10 um of MgCle, 0.2 mg. of methyl- 
ene blue, 10 um of Na arsenite, 0.64 um of DPN or 0.13 um of TPN (contaminated with 
DPN), 5 um of a-ketoglutaric acid, 5.2 um of isocitric acid; total volume, 2 ml. 0.2 
ml. of 10 per cent KOH in the center well; temperature 30°. A, endogenous, A, 
a-ketoglutaric acid + DPN, @, isocitric acid, ©, isocitric acid + DPN, O, isocit- 
ric acid + TPN. 


when added together, produced a 4-fold increase in this rate. These 
three cofactors have been shown recently by Green and Beinert (23) and 
Kaufman (24) to be specific for the oxidation of a-ketoglutaric acid in a 
soluble enzyme system from heart muscle. The requirements for Mg**, 
Mn*, and phosphate could not be demonstrated, as all attempts to remove 
these ions by dialysis resulted in the complete inactivation of the enzyme 
system. 

It was found that the addition of methylene blue to the dried cell prepa- 
rations resulted in the inhibition of a-ketoglutaric acid oxidation, as in- 
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dicated in Fig. 6. When potassium ferricyanide was substituted as an 
electron acceptor, it also proved to be inhibitory, 2.6  10-* M causing 95 
per cent inhibition. This latter finding is difficult to interpret at present 
in view of its action in the assay system for a-ketoglutaric acid oxidase 
from heart muscle (26). 

Oxidation of Succinic Acid—The dried cell preparations, without ad- 
ditional cofactors, oxidize succinic acid more rapidly than they oxidize 
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Fic. 4. Oxidation of a-ketoglutaric, succinic, and malic acids by dried cell prep- 
arations. The reaction mixture contained 20 mg. of dried cells, 135 um of phosphate 
buffer, pH 7.0, and 5 um of substrate; total volume, 2.1 ml. 0.2 ml. of 10 per cent 
KOH in the center well; temperature 30°. A, endogenous, O, malic acid, A, suc- 
cinie acid, @, a-ketoglutaric acid. 


a-ketoglutaric or malic acid (Fig. 4). The rate of oxidation is high, and 
constant for only a very short interval of time; thereafter the rate changes 
rapidly and soon becomes identical with that. of malic acid oxidation. At 
the time of the break in the curve, approximately 0.5 mole of oxygen has 
been taken up per mole of substrate oxidized. This ratio is consistent 
with the occurrence of a one-step oxidation to fumaric and malic acids. 
Also, the rate of oxidation falls off with the age of the dried cells; approxi- 
mately 50 per cent of the activity is lost after 8 days. Nevertheless, some 
of the preparations have been found to retain about 20 per cent of the 
original activity even after 7 months. 
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In some of the older preparations it was observed that, in addition to 
the decreased rate of succinic acid oxidation, there was also less than the 
theoretical 0.5 mole of oxygen taken up per mole of substrate oxidized. 
The addition of cytochrome c produced a 50 per cent increase in the initial 
rate of oxidation and increased the O.-substrate ratio from 0.18 to 0.25 
(Fig. 7). Doubling the cytochrome ¢ concentration produced no further 
increase. The addition of either ATP, coenzyme A, DPN, or methylene 
blue was without effect. 
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Fic. 5. Coenzyme and cofactor requirements for a-ketoglutaric acid oxidation in 
dried cells. The reaction mixture consisted of 20 mg. of dried cells, 150 um of phos- 
phate buffer, pH 7.5, 10 um of MgSO,, 5 um of substrate; total volume, 2.1 ml. 0.2 
ml. of 10 per cent KOH in the center well; temperature 30°. XX, endogenous, A, 
a-ketoglutaric acid, @, a-ketoglutaric acid + 0.64 um of DPN, A, a-ketoglutaric 
acid + 0.1 um of cocarboxylase (DPT), O, a-ketoglutaric acid + 3.5 units of CoA, 
©, complete system. 


The ability of cytochrome c to raise the ratio to only 0.25 would seem 
to suggest that an inhibitory reaction may also be involved. Pardee and 
Potter (27) have shown by kinetic measurements that oxalacetic acid 
in extremely low concentrations inhibits succinic dehydrogenase activity 
of animal tissue by forming a dissociable complex with the enzyme such as 
that formed by succinic and malonic acids. It appeared possible to ac- 
count for the results obtained with older preparations by assuming that 
oxalacetic acid accumulates. This was tested by carrying out the oxida- 
tion of succinic acid in the presence of glutamic acid, which removes the 
oxalacetic acid by converting it into aspartic acid via transamination. 
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Glutamic acid was not oxidized by this preparation, as is shown in Fig. 7. 
However, the rate of succinic acid oxidation was increased 3-fold by the 
simultaneous addition of glutamic acid and cytochrome c. The amount of 
oxygen taken up during the linear portion of the curve increased from 0.25 
to 0.40 mole per mole of substrate oxidized. 

Oxidation of Malic and Fumaric Acids—From Fig. 4 it may be concluded 
that, at pH 7.0, malic acid is oxidized by unfortified dried cells, although at 
a much lower rate than those at which either a-ketoglutaric or succinic 
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Fic. 6. Effect of methylene blue on a-ketoglutaric acid oxidation in dried cells. 
The reaction mixture contained 20 mg. of dried cells, 125 um of phosphate buffer, pH 
7.5, 10 um of MgCle, 5 um of substrate, and 3 um of methylene blue where indicated; 
total volume, 2.0 ml. 0.2 ml. of 10 per cent KOH in the center well; temperature 
30°. @, endogenous without methylene blue, A, endogenous with methylene blue, 


A, a-ketoglutaric acid with methylene blue, O, a-ketoglutaric acid without meth- 
ylene blue. 


acid is oxidized. Furthermore, the rate decreases with increasing age of 
the preparation. The inhibitory action of oxalacetic acid on malic de- 
hydrogenase was shown by Green (28) to account for the low rate of malic 
acid oxidation in animal tissues. 

The necessary components and the optimal conditions for this system 
were therefore determined. From the results shown in Fig. 8, it can be 
seen that the oxidation of malic acid is extremely slow. The addition of 
cyanide for trapping oxalacetic acid caused a small increase in the rate of 
oxygen uptake. A greater effect was produced by the addition of DPN, 
although the increase in rate is only 2-fold. However, the simultaneous 
addition of both cyanide and DPN resulted in a 5-fold greater rate. Meth- 
ylene blue was included in all these experiments to permit a valid com- 
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parison between the effectiveness of cyanide and DPN in influencing the 
rate of malic acid oxidation. In the absence of any cofactors and cyanide, 
it was found that methylene blue increased the rate by 30 to 50 per cent, 
On the other hand, the addition of nicotinamide, a treatment which 
was meant to prevent the breakdown of DPN by DPNase, caused an in- 
hibition of the malic acid oxidation, the degree of inhibition increasing with 
increasing nicotinamide concentrations. Similar results have been ob- 
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Fic. 7. Effect of cytochrome c and glutamic acid on succinic acid oxidation in 
old dried cell preparations. The reaction mixture contained 20 mg. of dried cells, 
125 wm of phosphate buffer, pH 7.0, and 5 uM of substrate; final volume, 2.0 ml. 0.2 
ml. of 10 per cent KOH in the center well; temperature 30°. A, endogenous, @, 
10 um of glutamic acid, ©, succinic acid, A, succinic acid + 1.4 X 10~4 uM of cyto- 
chrome c, O, succinic acid + 10 um of glutamic acid + 1.4 X 10-4 um of cytochrome c. 





tained by Feigelson et al. (29) with purified malic dehydrogenase enzyme 
from animal tissue. 

The rate of malate oxidation increased with increasing pH. In Fig. 8 
the rates of malate oxidation at pH 7 and 8.5 are compared under otherwise 
identical conditions. There is a 5-fold increase in the rate of oxidation. 
The pH optimum for this system is about 9.0. In view of the high pH 
optimum for malic dehydrogenase activity of dried cells of R. rubrum, 
it is evident why, in unfortified preparations at pH 7.0, the rates of oxida- 
tion of a-ketoglutaric, succinic, citric, and isocitric acids fall off to that of 
malic acid. 
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A buffer mixture consisting of 0.2 m glycine-m/15 KH.PO, was used 
over the pH range of 8.5 to 10.0. At pH 9.0 the rate of malate oxidation 
in a fortified system was the same in the presence as in the absence of 
cyanide. This appeared to be in direct contradiction to the stimulating 
effect of cyanide obtained at pH 7.0 and 8.5. However, since a-keto acids 
are readily decarboxylated by amines (30), it appeared possible that the 
glycine in the buffer was exerting a similar effect. This was tested by 
adding 10 uM of oxalacetic acid to the buffer solution and measuring the 
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Fic. 8. Determination of optimal conditions for malic acid oxidation in dried 
cells. The reaction mixture contained 20 mg. of dried cells, 125 um of phosphate 
buffer, pH 7.0 or 8.5, 2.5 wm of methylene blue, and 10 um of substrate; total volume, 
2.0ml. Additions: 0.62 um of DPN, 20 um of cyanide, pH 7.0. 0.2 ml. of 10 per cent 
KOH in the center well (or 0.2 ml. of 4 N NaCN in 0.5 m KOH); temperature 30°. 
O, noadditions, A, CN-, ©, DPN, A, CN~ + DPN, pH 7.0, ©, CN- + DPN, pH 
8.5. 


decarboxylation manometrically. It was found that within the first 20 
minutes the CO, evolution accounted for 70 to 80 per cent of the oxalacetic 
acid added. The rate then decreased very rapidly, indicating that the 
decarboxylation of oxalacetic acid by glycine followed first order kinetics. 
It would thus appear that glycine, under the conditions used, can replace 
cyanide as a means of removing oxalacetic acid. Additional evidence 
for the action of glycine is illustrated in Fig. 9. The oxygen consumption 
of dried cells suspended in a phosphate and in a phosphate-glycine buffer 
at pH 9.0 was determined following the addition of 5 wm of malic acid. 
The markedly higher rate as well as the greater extent of malic acid oxida- 
tion in the phosphate-glycine buffer is evident. The rapid decrease in the 
rate of malate oxidation in the phosphate buffer can be ascribed to an in- 
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creasing inhibition by accumulating oxalacetic acid. The fact that after 
30 minutes the rate of oxygen consumption had become constant suggests 
that a progressive accumulation of oxalacetic acid did not occur and that 
a stationary concentration was maintained as a result of the occurrence of 
secondary reactions by which oxalacetic acid is removed as rapidly as it is 
produced. When oxalacetic acid was added to the two suspensions, the 
inhibition of malic acid oxidation in the system containing glycine lasted 
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Fig. 9. Inhibitory action of oxalacetic acid on malic acid oxidation in phosphate 
and phosphate-glycine buffers at pH 9.0. The reaction mixture contained 20 mg. 
of dried cells, 2.0 ml. of 0.25 m phosphate buffer, pH 9.0, or 2 ml. of 0.25 m KzHPO, + 
0.2 m glycine buffer, pH 9.0, 5 um of methylene blue, 0.64 um of DPN, 5 um of sub- 
strate, and 10 uM of oxalacetic acid where indicated; final volume, 2.5 ml. 0.2 ml. 
of 10 per cent KOH in the center well; temperature 30°. Glycine-phosphate buffer 
at pH 9.0. O, endogenous, @, malic acid, ©, malic acid + oxalacetic acid. 
(Phosphate buffer at pH 9.0.) A, endogenous, ™, malic acid, A, malic acid + oxal- 
acetic acid. 


for only 10 minutes, after which the rate rapidly increased to a value com- 
parable to that of the control suspension. In the absence of glycine, the 
inhibition was extended over a longer period of time, 80 to 90 minutes; 
later, the rate increased slowly. 

The total oxygen uptake for malic acid oxidation in the glycine buffer 
at pH 9.0 exceeds the amount required for a one-step oxidation of malic 
to oxalacetic acid. At the point where the curve in Fig. 9 assumes the 
slope of the endogenous respiration, the amount of oxygen utilized per mole 
of substrate oxidized is 0.75; the theoretical ratio for a one-step oxidation 
is 0.5. This ratio of 0.75 has been obtained consistently with preparations 
which are unable to oxidize citric acid. The additional O2 consumption is 
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exactly equivalent to that needed for a secondary transformation of oxal- 
acetic acid to citric acid. That this conversion can be accomplished by 
dried cell preparations will be shown in the section on acetic acid oxidation. 

It seemed justifiable to assume that the oxidation of fumaric acid by the 
dried cell preparations would be accomplished via primary conversion of 
fumaric to malic acid by the enzyme fumarase. A suspension of dried 
cells in phosphate-glycine buffer at pH 9.0 consumes oxygen at a low rate 
in the presence of fumaric acid, as measured manometrically. The pH 
optimum for fumarase activity covers the pH range of 6.5 to 7.5, while 
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Fic. 10. Oxidation of malic and fumaric acids at pH 7.0 and after raising the pH 
to 9.0. The reaction mixture contained 20 mg. of dried cells, 135 um of phosphate 
buffer, pH 7.0, 0.64 um of DPN, 5 um of methylene blue; final volume, 2.7 ml. 0.2 
ml. of 10 per cent KOH in the center well; temperature 30°. @, endogenous, O, 


malic acid, A, fumarie acid. At arrow, 0.4 ml. of 1 m glycine at pH 9.7 added from 
the side arm. 


at pH 9.0 its activity is only about a tenth as high (31). Therefore, the 
reaction mixture in phosphate buffer was incubated for 1 hour at a pH of 
7.0; following this treatment, a concentrated glycine solution at pH 9.7 
was added from the side arm of the reaction flask, raising the pH to about 
9.0. Malic acid formed from fumaric acid during the first part of the 
experiment will be rapidly oxidized under the new conditions. 

The results of such an experiment are presented in Fig. 10. Neither 
fumaric nor malic acid was oxidized during the Ist hour at pH 7.0, but as 
soon as the pH of the reaction mixture was raised to 9.0, a rapid oxygen 
uptake occurred. The rate of oxidation of fumaric acid was identical 
with that of malic acid. 

Oxidation of Acetic Acid—Manometric experiments showed that dried 
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cells of R. rubrum are unable to oxidize acetic acid, even in the presence of 
CO, and C,-dicarboxylic acids which sparked acetate oxidation in the 
living cells. Also, the addition of coenzymes, cofactors, and hydrogen car- 
riers failed to influence the results. Since the previously discussed experi- 
ments had revealed that, under appropriate conditions, the various com- 
ponents of the cycle can be oxidized by dried cells, it seemed logical to infer 
that the inactivity of the dried cells toward acetic acid was due to the 
inactivation of an enzyme system concerned with bringing acetic acid 
into the cycle. 

On the basis of all information available (32-35), a search was made for 
the presence in the cells of R. rubrum of the various enzymes responsible 
for the stepwise reactions involved in citric acid formation from acetic acid. 
For this purpose, aged preparations of dried cells were used. These are 
no longer able to oxidize citric acid, so the determination of citrate forma- 
tion could serve as a quantitative measure of the occurrence of the in- 
dividual processes. 

The addition of oxalacetic acid to dried cell preparations resulted in the 
formation of considerable quantities of citric acid, as shown in Table I. 
Acetic acid alone did not yield citric acid, but when both acetic and oxal- 
acetic acids were added, the amount of citrate formed was 15 to 30 per 
cent above that obtained with oxalacetic acid alone. The addition of ATP 
in low concentrations increased the amount of citrate formed, but with 
increasing concentrations of ATP the yield decreased. Acetyl phosphate 
did not yield citric acid when added alone, nor did it increase citric acid 
production above that obtained with oxalacetic acid alone. The amount 
of citric acid formed varied from one preparation to another, and also 
with the age of the preparations. 

Citrate formation by the dried cell preparations from oxalacetic acid 
alone can readily be accounted for as the result of a decarboxylation of 
the substrate to pyruvic acid and the conversion of the latter compound 
to acetyl CoA which condenses with the residual oxalacetic acid to form 
citric acid. In line with this hypothesis is the extra oxygen uptake in 
the oxidation of malic acid, and also the fact that pyruvic acid is not oxi- 
dized by the dried cells unless malic acid is simultaneously supplied. 

The conversion of oxalacetic acid to citric acid can be largely eliminated 
by dialyzing a dried cell suspension for 18 to 24 hours at 4° against 0.02 m 
phosphate buffer, pH 7.0. This treatment reduces the extent of citric 
acid formation by as much as 75 per cent of that observed with a freshly 
prepared suspension; simple storage of a suspension at 4° for the same 
length of time causes a reduction of only 15 per cent (Table II). This 
drastic reduction in citric acid formation can be explained by the removal 
of the coenzyme necessary for the transformation of pyruvic acid (36). 
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As the data of Table IT demonstrate, the dialyzed dried cell preparations 
of R. rubrum respond to the addition of these substances. Addition of 
DPN increases the citric acid formation by 300 per cent; cocarboxylase 
alone exerts but a minor influence, but the two coenzymes together cause an 
increase in yield of 500 per cent. Additional evidence for the involvement 
of DPN is the fact that nicotinamide completely suppresses citrate forma- 
tion from oxalacetate in freshly prepared suspensions. 

The dialyzed preparations were well suited for a study of the occurrence 
of condensation reactions between oxalacetic acid, acetic acid, and ATP or 
acetyl phosphate. Experiments listed in Table III show that the amount 


TaBLe I 
Formation of Citric Acid by Dried Cells of R. rubrum 
The system contained 10 mg. of dried cells, 25 um of phosphate buffer, pH 7.0, 
5 um of MgCle, and 10 uM of cysteine per ml. Additions: 20 um of acetic acid, 20 um 
of acetyl phosphate, 20 um of oxalacetic acid, and ATP as indicated. The results 
are expressed as micromoles of citric acid per ml. of reaction mixture. Incubated 
for 2 hours at 30°. 





Prepara- | Prepara- | Prepara- | Prepara- 








Additions alto Gigi fo| cst | et 
ays) |* | mo.) 
1 COUSCEE Cs UN OAR CMI ACEI RE Soar Rarer ec ice | 0.12 | 0.06 | 0.10 
| RES erent mene on) nore. on | 2.18 | 2.68 | 2.00 
PCE EN CRONE Fe OI eo 55 orm tua: ace, See iran arate oaere | 2.89 | 3.10 | 1.28 | 2.14 
naoty? [2) (0°. )2] 177: ne a ae erOS HEC PerrRor | 0.09 
i 5 ath. : J; See oe en ae | 1.98 

Acetic acid + OAA + 0.05 mg. ATP........... | | | 1.54 | 

* o- <. ee sedete ened | | | 1.35 | 

: oe ae” -.scaceecaunt | 0.99 


of citric acid formed from acetic plus oxalacetic acid is approximately twice 
as great as that produced with oxalacetic acid alone. The effect of the 
additon of acetyl phosphate is no greater than that of acetic acid. But 
a further notable increase results from the simultaneous addition of acetic 
acid and ATP. As in the case of the undialyzed suspensions, high con- 
centrations of ATP reduce the extent of citric acid formation. The op- 
timum appeared to be about 5 X 10-* m ATP, which agrees well with the 
results reported by Ochoa et al. for pigeon liver preparations (17). Co- 
enzyme A causes an increase of approximately 50 per cent in the amount 
of citric acid formed (Table IV). Nevertheless, as demonstrated by the 
data in Table IV, citric acid production from acetic acid, ATP, and oxal- 
acetic acid, even under the best conditions, is small compared to the citric 
acid formation from oxalacetic acid alone via the pyruvic oxidase system. 
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The inability of acetyl phosphate to replace acetic acid and ATP in the 
condensation reaction with oxalacetic acid indicated that the formation 
of acetyl CoA was ineffective through the lack of phosphotransacetylase 
activity. Further evidence was obtained from arsenolysis tests (35). With 


TaBLe II 
Effect of Dialysis and Addition of Coenzymes on Citric Acid Formation 
Composition of reaction mixture as in Table I, phosphate buffer, pH 8.0. Addi- 
tions: 0.64 um of DPN, 0.1 um of cocarboxylase, 800 um of nicotinamide. The results 


are expressed as micromoles of citric acid per ml. of reaction mixture. Incubated 
for 2 hours at 30°. 


Cell suspensions 








Additions eee Se ae 
Freshly | Stored 18 hrs. Dialyzed 18 hrs. 
prepared | at 4° | at 4° 
RS cc oglaeult iy. pated. RR fo RR as ae 
MRE hia on PER a alaittes Melee dine 0S | | 1.80 
EES 2 Rage | 0.5 
POTN + GOCATDORVIASG. 2. 6c csc cece e es | | 2.51 
Co oT a a er 0.00 | 





TaBLeE III 


Citric Acid Formation by Dialyzed Dried Cells from Acetic Acid, Acetyl Phosphate, 
and Oxalacetic Acid; Effect of ATP 

Composition as in Table II. Additions: 20 um of oxalacetic acid, 20 um of acetic 

acid, and ATP as indicated. The results are expressed as micromoles of citric acid 

per ml. of reaction mixture. Incubated for 2 hours at 30°. 


Additions | Experiment 1 | Experiment 2 

CLA) Oe ira aa 0.00 
RANMA MI OER 50002 so fists Sacro nnchoo sin. oie asinys a sleisiale eae 0.00 
OIA ORES BGS SUA a a eee eee eee ree 0.18 
CN E00 a ee ae re 0.30 0.36 
Benes eens + OBA... ck... | 0.80 
Acetic acid + OAA + 2.3 uM ATP................0.008. | 0.53 0.55 

a pie Mea es ae ee a Ce Dede ny bears Sais apie ers clete | 0.66 

ee Ee a nar | 0.52 

ES Doves? to) mien oe teas cops c cle alelawtaue dvigee | 0.45 





dried cell preparations, the results were strictly negative, and with a 


cell-free extract prepared from freshly harvested bacteria the outcome 
was no different. On the other hand, the addition of a phosphotransacetyl- 
ase preparation, obtained in the form of a cell-free extract of EF. coli, to 
dialyzed dried cells of R. rubrum resulted in the abundant formation of 
citric acid from oxalacetic acid and acetyl phosphate (Table V). 
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Cell-Free Extracts 


All members of the Krebs cycle tested are oxidized by cell-free extracts 
of R. rubrum. ‘The results of a typical experiment, performed at pH 7.0 
with an unfortified extract, are illustrated in Fig. 11. The rates of oxida- 


TaBLe IV 
Citric Acid Formation by Dialyzed Suspensions of Dried Cells; Effect of Coenzyme A 
Composition as in Table II. Additions: 20 um of acetic acid, 20 um of oxalacetic 
acid, CoA* as indicated, 1.9 um of ATP, 0.32 um of DPN, and 0.1 um of cocarboxylase. 
The results are expressed as micromoles of citric acid per ml. of reaction mix- 
ture. Incubated for 2 hours at 30°. 





Additions Citrate formed 


Ly a Ae ee rn ene ent ME Ala ee, 0.25 
C6 EP OCLTA  RGLOE oie ccs ereinsd di a:ciae: Seseleca CPR Pe 0.30 
ae) chee ee OEP SRPMS ce Croke cic Ate ENE CT ee EN 0.39 
a nC 6 6 SG nite COM iis ct lgascsee ene 0.55 
OS ete GG RE | UE a ir) ik SO ds: Be UST RAS 0.64 
“+ AEP bE Sanita Con. 5055 Oe eas hoc oes 0.24 
* -PDRN -F GOGHEDORVIAKS ¢ Fis cts. cc teen eeaee eases A 2.49 
ee CT ee + 3.5 units CoA............... 3.13 


* T am indebted to Mr. R. G. Bartsch for the coenzyme A determination. 


TABLE V 


Effect of Transacetylase on Citrate Formation by Dialyzed Dried Cell Preparations 
of R. rubrum 
Composition as in Table II. Additions: Z. coli extract (1.6 mg. of protein), 20 
uM of acetyl phosphate, 20 uM of oxalacetic acid. The results are expressed in micro- 
moles of citric acid per ml. of reaction mixture. Incubated for 2 hours at 30°. 
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Additions ‘With dried cells, wag Ons 
: Abate tote eee ee Pee te a o' zh 
| 
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E. colt éxtratt@ GAA... ck ete ee 0.40 0.00 


ae ee s + ‘* + acetyl phosphate.............| 1.45 0.13 


tion of citric and isocitric acids were found to be identical, as were the 
rates of oxidation of malic and fumaric acids. The rates of oxidation of 
citric and a-ketoglutaric acids, while high initially, gradually decrease 
and become identical with the rate of succinic acid oxidation. The fact 
that the initial rates are high would indicate that the necessary cofactors 
and coenzymes are present in the extracts in satisfactory concentrations. 
The oxygen uptake per mole of substrate oxidized during the linear portion 








832 TRICARBOXYLIC ACID CYCLE IN R. RUBRUM 


of the curves approaches the ratio of 1.0 and 0.5 for citrate and a-keto- 
glutarate, respectively. These are the values required for a two-step and 
a one-step oxidation to succinic acid. 

While in dried cell preparations the initial rate of oxidation was higher 
for succinic acid than for any other member of the cycle, in the cell-free 
extracts succinic acid oxidation occurs at the lowest rate of all, but it is 
more steady than in the young dried cell preparations. The curve for 
succinic acid oxidation resembles those in the older dried cell preparations, 
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Fig. 11. Oxidation of the Krebs cycle members by cell-free extracts of R. rubrum. 
The reaction mixture contained 1.8 ml. of enzyme extract (equivalent to 5.2 mg. of 
N), 1.8 ml. of M/15 phosphate buffer, pH 7.0, 10 um of MgCl, and 5 uM of substrate; 
total volume, 2.0 ml. 0.2 ml. of 10 per cent KOH in center well; temperature 30°. 
A, endogenous, O, citric and isocitric acids, ©, a-ketoglutaric acid, @, succinic 
acid, A, malic and fumaric acids. 


suggesting that the low rate of oxidation in the cell-free extracts may also 
be due to oxalacetic acid inhibition. Similar results have been obtained 
with cell-free extracts of A. vinelandii (13, 14). 

The rate of malic acid oxidation varied somewhat from one preparation 
to another, but in each preparation the initial rate of oxidation of malic 
acid was higher than that of succinic acid. In experiments with unfortified 
extracts (Fig. 11) the difference was very small, but when the preparation 
was fortified with DPN and methylene blue, the rate could be as much as 
twice as high for malic as for succinic acid oxidation. The pH optimum 
for this system, as for the dried cell preparations, was found to be about 
9.0. The rate of malic acid oxidation, even under the best conditions at 
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pH 7.0, is rather low compared to that shown by cell-free extracts of 


A. vinelandii. Similarly, the extent of oxidation by R. rubrum extracts 


appears to be that of a one-step oxidation to oxalacetic acid, while in A. 
vinelandit extracts the oxidation proceeds via citric acid to succinic acid. 
This would indicate either a block in citric acid formation in R. rubrum 
or a difference in mechanism for citric acid formation in the two organisms. 

Acetic acid was not oxidized by the cell-free extracts. The addition 
of C4-dicarboxylic acids was without effect on acetic acid oxidation, as in 
the dried cells. These preliminary results are in marked contrast to those 
obtained with A. vinelandii extracts, where acetate is oxidized, though at 
a low rate, and all the Krebs cycle members can “spark” the reaction. 


DISCUSSION 


The oxidation of citric, isocitric, and a-ketoglutaric acids by dried cells 
and cell-free extracts of R. rubrum suggests that the failure of the living 
cells to oxidize these compounds is not due to the lack of the appropriate 
enzymes in the organism. It is, therefore, reasonable to ascribe this dis- 
crepancy to the existence in the living cell of permeability barriers, a situa- 
tion that has already been encountered in a variety of bacteria, yeast, 
algae, and fungi. The present experiments emphasize again the need for 
caution in interpreting data obtained with living cells, especially in experi- 
ments on simultaneous adaptation and with tracers, intended to determine 
whether a particular substance can be considered as an intermediate prod- 
uct in the degradation of a given substrate. 

The oxidation of citric, isocitric, and a-ketoglutaric acids occurs at a 
fairly high rate in both dried cells and cell-free extracts. The oxidation 
of malic and succinic acids, however, shows a different pattern in the two 
preparations. In young dried cell preparations, at neutrality, succinic acid 
is rapidly oxidized and malic acid accumulates, the further oxidation be- 
coming the rate-limiting reaction of the over-all process. Cell-free extracts, 
on the other hand, oxidize malic acid more rapidly than succinic acid; here 
the oxidation of succinic acid appears as the rate-limiting step. A possible 
explanation may be found in the nature of the malic dehydrogenase en- 
zyme which may occur in a “‘conjugated” or “dissociated” form (37). 

While the dried cells and cell-free extracts are unable to oxidize acetic 
and pyruvic acids by themselves in manometric experiments, these acids 
are capable of entering the tricarboxylic acid cycle as shown by their con- 
densation with oxalacetic acid to form citric acid in the dried cell prepara- 
tions. The formation of citric acid from acetic acid and ATP, but not 
from acetyl phosphate, and the absence of the enzyme phosphotransacetyl- 
ase are evidence for acetic acid entering the cycle via a mechanism which is 
probably identical with that described for animal tissue and yeast (32). 
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According to this mechanism, the rate of the over-all reaction in the 
presence of catalytic amounts of coenzyme A can be maintained only if 
the CoA is continuously regenerated by the condensation of acetyl CoA 
and oxalacetic acid to form citric acid. This would explain the sparking 
effect of the C,-dicarboxylic acids in the oxidation of acetic acid by living 
cells. The sparking action of CO, could be attributed to the formation of 
oxalacetic acid as the result of a fixation reaction. The oxidation of pyruvic 
acid by the pyruvic oxidase system would also require a mechanism for 
the regeneration of CoA, and therefore one would expect that this reaction 
would be sparked by members of the Krebs cycle. This is supported by 
the fact that dried cells do not oxidize pyruvic acid unless malic acid is also 
supplied. In the living cells, the oxidation of pyruvic acid does not require 
sparking, presumably because of the ability of the cells to form oxalacetic 
acid from pyruvic acid through CO, fixation. 

The experimental evidence obtained with refortified suspension of di- 
alyzed dried cells indicates that citric acid formation from acetic acid, 
ATP, and oxalacetic acid is extremely small compared to that from oxal- 
acetic acid alone via the pyruvic acid oxidase system. The low rate of 
citric acid formation in the former system can be attributed to the lower 
rate of acetyl CoA formation. This would account for the failure to ob- 
serve acetic acid oxidation in the dried cells by manometric techniques. 
Assuming that dried cell suspensions and cell-free extracts in the presence 
of acetic acid consume Oy, only for the oxidation of primarily formed citric 
acid, the data in Table V show that the rate of O» utilization is of the order 
of magnitude of only 0.5 ul. per 10 minutes; this is so low as to escape 
manometric detection. The failure to observe a sparking effect by mem- 
bers of the Krebs cycle on acetic acid oxidation in dried cells and cell-free 
extracts can be explained on the same basis. 

Consequently, the results of the present investigation are entirely com- 
patible with the hypothesis that the oxidation of acetic acid by R. rubrum 
is accomplished via the tricarboxylic acid cycle. 


SUMMARY 


1. Dried cell preparations and cell-free extracts of Rhodospirillum rubrum 
can oxidize all members of the tricarboxylic acid cycle tested. The failure 
of living cells to oxidize citric, isocitric, and a-ketoglutaric acids is attributed 
to the impermeability of the living cell to these compounds. 

2. The cofactor and coenzyme requirements and the pH optima of the 
various enzyme systems have been determined and found to be identical 
with those of the corresponding enzymes in animal tissues. 

3. Manometric experiments failed to show acetic acid oxidation by both 
dried cells and cell-free extracts. However, the dried cell preparations 
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are capable of forming citric acid from acetic acid, ATP, and oxalacetic 
acid, though at alow rate. The absence of the enzyme phosphotransacetyl- 
ase and the inability of acetyl phosphate to substitute for acetic acid and 
ATP in this reaction indicate that the mechanism for citric acid formation 
from acetic acid and ATP is probably identical with that found in animal 
tissue and yeast. 


4. A pyruvic acid oxidase system is also present in the dried cell prepara- 
tions; it can effect the production of citric acid at a much greater rate than 
can the acetic acid-ATP system. 


5. The presence of all the enzymes required for the oxidation of the 
Krebs cycle members and the ability of the dried cells to form citric acid 
from acetic and pyruvic acids indicate that the tricarboxylic acid cycle 


is probably the pathway for the terminal oxidation of these acids in R. 
rubrum. 


The author wishes to thank Professor C. B. van Niel for his encourage- 
ment and advice throughout the course of this work. 
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THE POLYSACCHARIDE OF SHIGELLA FLEXNERI, TYPE 3* 


By MILTON W. SLEIN anp GENE W. SCHNELL 


(From the Chemical Corps Biological Laboratories, Camp Detrick, Frederick, 
Maryland) 


(Received for publication, January 12, 1953) 


Morgan isolated from Shigella dysenteriae a serologically active polysac- 
charide containing p-galactose, t-rhamnose, and N-acetylglucosamine (1, 
2). The present paper concerns the isolation of a degraded polysaccharide 
from Shigella flexneri, type 3, having p-glucose, t-rhamnose, and N-acetyl- 
glucosamine as its principal sugar residues. The procedures used in puri- 
fication of the polysaccharide material resulted in four fractions, each of 
which was examined in some detail, with the result that the progressive 
elimination of non-amino sugar nitrogenous substances could be demon- 
strated. Fraction 4, representing the purest material, still has marked 
serological activity, but no significant antigenicity. 


Procedures 


Isolation of Polysaccharide—Cells of S. flexneri, type 3, were grown in 
carboys containing 15 liters of aerated nutrient broth and 0.05 m sodium 
lactate at pH 7. After 24 to 48 hours growth at 37°, the cells were killed 
by the addition of 75 gm. of phenol in 300 ml. of 30 per cent ethanol (3), 
collected in a Sharples centrifuge, and washed twice with saline. 

Washed cells, corresponding to about 150 gm. dry weight, were sus- 
pended in water and made up to 1 liter with the addition of glacial acetic 
acid to adjust the pH to 4.0. The suspension was stirred while being 
heated in a boiling water bath for 45 minutes (4) and centrifuged at about 
10,000 r.p.m. The residue was reextracted twice and the yellow, opales- 
cent, supernatant fluids were combined, adjusted to pH 5 to 6 with NaOH, 
and concentrated by vacuum distillation at low temperature. The solu- 
tion was treated with 8 volumes of ethanol and cooled to 4°. The precipi- 
tate was suspended in water, dialyzed against cold distilled water, and 
centrifuged to remove a small residue. The turbid solution, designated 
Fraction 1, contained about 7 gm. of solids (dry weight). 

Fraction 1 was buffered with Veronal (0.05 m, pH 8.25) and incubated 
at 37° for 3 hours with 750 mg. of Difco (1:250) trypsin. The digest was 
deproteinized by repeatedly treating with several ml. of chloroform-octanol 
(4:1) in a Waring blendor and centrifuging after each treatment (5). 

* A preliminary report has been presented before the Society of American Bac- 
teriologists at Boston, April 27, 1952 (Bact. Proc., 110 (1952)). 
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8 volumes of ethanol were added at 4° and the precipitate was dissolved in 
water and dialyzed. The opalescent solution contained about 3.5 gm. of 
solids (Fraction 2). 

Fraction 2 was partially hydrolyzed by heating for 1 hour at 100° in 0.1 
N H.SO,. The solution became less opalescent and, when cooled, a vo- 
luminous precipitate was removed. The clear supernatant solution was 
neutralized, and the polysaccharide was precipitated with ethanol and dia- 
lyzed (Fraction 3). Approximately 2 gm. of solids were obtained as Frac- 
tion 3. Less ethanol is required for precipitation of the active material 
after treatment with HSO,. 

Fraction 3 was treated with crystalline bovine trypsin (25 mg.) at pH 
8.25 for 17 t6 24 hours at 37°, and homogenized with chloroform-octanol 
(4:1) in the presence of trichloroacetic acid. The polysaccharide was 
precipitated with ethanol and dialyzed. Approximately 1.5 gm. of solids 
were obtained (Fraction 4). 

Analytical Methods—Some effects of strong sulfuric acid on the absorp- 
tion spectra of sugars have been reported by others (6-9). In the early 
phases of the present work, the polysaccharide material was hydrolyzed by 
heating with 2 n H.SO, at 120°. This method of hydrolysis results in 
some destruction of the sugar residues as indicated by a marked increase in 
absorption at about 290 mu. As shown in Fig. 1, hydrolysis with n H.SO, 
at 100° causes less formation of the furfurals responsible for this absorption. 
Maximal reducing power is obtained under the latter conditions in about 
6 hours (Fig. 3). Most of the increased absorption is due to the methyl- 
pentose moiety which gives rise to methylfurfural. Glucosamine is stable 
under these conditons; D-glucose gives much less absorption than L-rham- 
nose. This is shown in Fig. 2. By comparing the reducing powers before 
and after heating with H.SO,, it was found that heating for 3 hours in 2 n 
H.SO, at 120° resulted in a loss of about 22 per cent glucose and 29 per 
cent rhamnose, whereas heating for 8 hours in N H2SO, at 100° destroyed 
only about 4 and 2 per cent of reducing power, respectively. Similar 
changes were indicated when the cysteine reactions of Dische and Shettles 
(10) were used for measuring glucose and rhamnose. 

As a result of the preceding considerations, each of the polysaccharide 
fractions was hydrolyzed in N H.SO, in sealed tubes at 100° for 6 hours. 
Aliquots were adjusted with NaOH to about pH 4 for the determination of 
reducing power by the method of Nelson (11) and total amino sugar by the 
procedure of Elson and Morgan (12). Other aliquots were adjusted with 
Ba(OH)- to about pH 4, concentrated, and chromatographed on Whatman 
No. 1 filter paper by using the non-aqueous phase from a mixture of 
n-butanol, ethanol, and water (4:1:5). Reference spots were located by 
spraying with aniline acid oxalate (13). Areas corresponding to L-rham- 
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nose and p-glucose were cut from unsprayed papers, eluted with water in 
sealed tubes shaken at intervals during heating in a boiling water bath for 
20 to 30 minutes. The eluates were filtered through sintered glass to 
eliminate paper fibers, and aliquots were analyzed for methylpentose ac- 
cording to Dische and Shettles (10) and for glucose by the methods of 
Morris (14) or Holzman et al. (6). Corrections were applied for the small 
values given by blank areas of the filter paper chromatograms.' 
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Fig. 1. Absorption spectra of Fraction 4 after treatment with H.SO,. Each curve 
represents 0.3 mg. of material per ml. of solution with a1 cm. light path. X, spec- 
trum obtained after 3 hours in 2 N H2SO, at 120°; @, spectra obtained after treatment 
with 1 nN H.SO, at 100° for the hours indicated alongside the initial point of each 
curve. 


N-Acetylamino sugar was determined by the method of Morgan and 
Elson (15), nitrogen according to Johnson (16), and phosphorus by the 
procedure of Fiske and Subbarow (17). Total ninhydrin-positive sub- 
stances of hydrolysates were estimated by heating an aliquot of the ma- 
terial with the ninhydrin reagent described by Moore and Stein (18). 


1 Amino sugars, which have Rp values similar to that of glucose with the solvent 
used, do not interfere in the anthrone or carbazole procedures for glucose determina- 
tion in the concentrations present in the hydrolysates. For example, 150 y of glu- 
cosamine do not give any significant color in the anthrone method, nor do 85 y in 
the carbazole procedure. The amounts of amino sugar present in aliquots of eluates 
being tested for glucose by the two procedures were only about 65 and 13 +, respec- 
tively. Standard solutions of L-rhamnose and p-glucose were carried through the 
chromatographic procedure. 
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Substances giving a biuret reaction were determined by the method of 
Weichselbaum (19). 

Antisera were produced by the intravenous injection of dried, phenol- 
killed organisms or crude somatic antigen (20) into rabbits by use of four 
doses of 10 to 100 y at 3 day intervals. The animals were bled 5 days after 
the last injection. Agglutinin titers were obtained by incubating 0.1 ml. 
of saline containing 0.2 mg. of dried, killed organisms with 0.5 ml. of diluted 
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Fig. 2. Effect of 2 n H2SO, for 3 hours at 120° on the absorption spectra of p-glu- 
cose and t-rhamnose. The lower curves are spectra of untreated sugars; the upper 
curves are spectra of the sugars after treatment with H:SO,. Concentration of 
L-rhamnose is 72 y per ml.; that of p-glucose is 80 y per ml. 





serum for 2 hours at 37° and overnight at 4°. Precipitin titers were deter- 
mined by mixing 0.2 ml. of undiluted antiserum with 0.2 ml. of the solution 
to be tested and incubating for 30 minutes at 37° and overnight at 4°. 


EXPERIMENTAL 


Comparison of Fractions 1 to 4—Table I summarizes data obtained during 
fractionation of the polysaccharide material. All fractions contain ma- 
terial giving fairly high precipitin titers. Whereas Fractions 1 and 2 
produce good antisera in rabbits, Fractions 3 and 4 are practically non- 
antigenic; only very low titers for agglutinins and precipitins are pro- 
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duced by the injection of much larger amounts of these fractions than would 
be required with Fractions 1 and 2. 

All fractions contain organically bound phosphorus, most of which is 
rather acid-stable. Fig. 3 shows the rate of liberation of inorganic ortho- 
phosphate by Nn H.SO, at 100° as compared with the release of reducing 
sugars. Fraction 2, which precedes treatment with 0.1 N H2SO,, contains 
some acid-labile phosphorus which is absent from Fraction 4. With the 
latter material, maximal reducing power is attained in about 6 hours, 
while only 60 per cent of the total phosphorus is liberated in 31 hours. 

The nitrogen content of the preparation decreases during the fractiona- 
tion procedure, whereas the amino sugar percentage rises. This appar- 
ently results from the removal of protein or peptide material. The ratio 


TaBLe [ 
Fractionation of Polysaccharide from S. flexneri 


N-amino sugar, ratio of nitrogen atoms to moles of amino sugar. The ninhydrin 
color values are per cent of color due to amino sugar in hydrolysates. 








Fraction No. — | Antigenicity Pp N Amino sugar hoes ane ize 
‘ | a ig oer cent | per cent per cent j 
1 106 + 1.4 | 6.6 7.7 10.9 18 
2 10 + 1 ey 4.7 9.5 6.4 26 
3. Ppt. 5 X 105} 1.6 bed 5.3 18.4 
3. Super- | 2 X 108| _ ; 1.0 2.4 12.0 2.6 48 
natant 


4 3 X 105 — 0.7 1.7 | 15.9 1.4 76 





of atoms of nitrogen to moles of amino sugar approaches unity during the 
fractionation, but there is still non-amino sugar nitrogen present in Frac- 
tion 4. This is probably explained by amino acid residues still attached 
to the polysaccharide moieties. The fraction of total ninhydrin color due 
to amino sugar increases at each step in the fractionation. With Fraction 
4, 76 per cent of the color produced with ninhydrin is given by the amino 
sugar which represents about 74 per cent of the total nitrogen. The pres- 
ence of peptide linkages is indicated by the biuret reaction. This is much 
stronger with Fractions 1 and 2 than with Fractions 3 or 4. Fraction 4 
gives a very weak reaction, less than 2 per cent of that given by an equal 
weight of serum albumin. 

The removal of substances responsible for much of the absorption in the 
ultraviolet is indicated in Fig. 4. Treatment with 0.1 N HeSO, gives a 
precipitate which may be dissolved at slightly alkaline pH. This ma- 
terial has an absorption spectrum typical for proteins and may be partly 
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the result of trypsin carried along from Fraction 2. The supernatant ma- 
terial (from Fraction 3) has less absorption than the precipitate or the 
material from Fraction 1. Fraction 4, which has the smallest amount of 
non-amino sugar nitrogen, also has the least amount of specific absorption 
in the ultraviolet. 

Ultracentrifugation and electrophoresis have shown the best prepara- 
tions of Fraction 4 to be polydisperse. 

Further Investigation of Fraction 4—Fraction 4 of the polysaccharide 
contains about 16 per cent amino sugar. An enzymatic method for dis- 
tinguishing p-glucosamine from galactosamine (21), based on the fact that 


p-glucosamine is phosphorylated by adenosinetriphosphate (ATP) in the’ 


presence of hexokinase to produce p-glucosamine-6-phosphate (22), has 
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shown that about 85 per cent of the amino sugar of the polysaccharide of 
S. flexneri is p-glucosamine. Since galactosamine does not function as a 
substrate for hexokinase, the residual 10 to 15 per cent of the amino sugar 
from the polysaccharide may be galactosamine. 

Practically all the reducing groups of the amino sugar residues are in 
glycosidic linkages, since no significant color develops in the test for amino 
sugars (12) or N-acetylamino sugars (15) unless the polysaccharide is 
hydrolyzed. 

It was found that the polysaccharide fractions contain a methylpentose 
having an FR, value different from that of fucose but coinciding with that 
for L-rhamnose with several solvents used. Quantitative paper chroma- 
tography showed that Fraction 4 of the polysaccharide preparation con- 
tains about 30 per cent of the methylpentose. 

Unlike the polysaccharide of S. dysenteriae (1, 2) the material isolated 
from S. flerneri contains no galactose. No evidence for a ketose has been 
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obtained. The presence of glucose was indicated by paper chromatog- 
raphy. The only other known aldohexose substrate for hexokinase is 
mannose, the presence of which was also ruled out by paper chromatog- 
raphy. That glucose is present in hydrolysates of the polysaccharide has 
been verified by phosphorylation with hexokinase and ATP to give glucose- 
6-phosphate and tracing the reduction of triphosphopyridine nucleotide 
(TPN) in the presence of glucose-6-phosphate dehydrogenase (23). 
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Fig. 4. Absorption spectra of polysaccharide fractions. Each spectrum repre- 
sents 0.7 mg. of material per ml. of phosphate buffer, pH 7.25. A light path of 1 cm. 
was used. The fraction numbers correspond with those of Table I. 


By means of quantitative paper chromatography it was found that 
Fraction 4 of the polysaccharide contains about 25 per cent glucose. 

Phenylosazones were prepared from the non-amino sugars which were 
obtained after hydrolysis of crude polysaccharide with N HCl. Phosphate 
compounds were precipitated with barium and ethanol after adjusting the 
pH of the hydrolysate to about 8.5. The alcoholic supernatant solution 
was made slightly acid and concentrated in vacuo. The solution was de- 
ionized by passage over ion exchange resins (IR-120 and IR-4B, Rohm and 
Haas Company). Paper chromatography indicated the presence of only 
two carbohydrate components corresponding to p-glucose and L-rhamnose. 
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These were separated by chromatography on a column of powdered cellu- 
lose (Solka-Floc)? with the non-aqueous phase from n-butanol, ethanol, 
and water (4:1:5). Fractions which contained either sugar alone were 
taken to dryness and dissolved in water. The phenylosazones were pre- 
pared from these sugars as well as from commercial p-glucose and 1- 
rhamnose. The derivatives were recrystallized from aqueous ethanol and 
their melting points were compared by use of a Fisher-Johns melting point 
apparatus. Identification is evident from the results given in Table IT. 
Table III shows analytical data obtained with three preparations of 
Fraction 4. Variations probably arise from slight modifications in the 
methods of preparation which result in different degrees of degradation. 
All of the color given by intact Fraction 4 in the anthrone reaction (14) 


TABLE II 


Melting Points (Uncorrected) of Phenylosazones of u-Rhamnose, D-Glucose, and Sugars 
Isolated from Polysaccharide of S. flexneri 











Phenylosazone | M.p. 
; me ; | 7 — woe a ee ae ee ee “c. 
PTRMION ONO ES Nine hth he i Ae iene sola teeg eee | 179-181 
Methylpentose from polysaccharide. .....................0 178-181 
i LOTUS) aE AAR Seg gaa Re On See gt esa, | 178-180 
UCHLI C TYR ioe Nee Seer eee” Re cae Sameer Rene ERD 199-202 
EIOZORO ATOM POLYBACCHATIO€ oc 05.8%... bas os oo bse ee cede eeies 200-202 
DAENMNADO Doc crer rites oo lee EN ks hes, Side nad ae ie eee 199-202 





is equivalent to that given by the amounts of glucose and rhamnose found 
in hydrolysates by quantitative paper chromatography.! All of the re- 
ducing power of the polysaccharide of Fraction 4, after hydrolysis for 6 
hours in N H2S0, at 100°, can be accounted for by the amounts of glucose, 
rhamnose, and amino sugar obtained by analyses for these sugar residues. 

It is likely that all the amino sugar residues in the intact polysaccharide 
are acetylated. However, the material recovered after treatment with 
0.1 N H2SO, for 1 hour at 100° in the preparation of Fraction 3 has probably 
become partly deacetylated. 

Acetic acid has been identified in distillates of hydrolysates of the poly- 
saccharide by paper chromatography (24). Attempts to determine acetic 
acid quantitatively, colorimetrically, or by titration of volatile acids have 
not been successful. Acidic substances other than acetic acid appear in 
the distillates. 


It may be shown indirectly that most of the amino sugar of Fraction 4 


2 Brown Company, Berlin, New Hampshire. 
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is acetylated: (1) Measurement of free amino nitrogen by the use of nitrous 
acid indicates that 5 per cent, or less, of the amino groups of the amino 
sugar residues are free. The measurements were carried out in Warburg 
manometers, instead of the Van Slyke apparatus (25), in an atmosphere 
of nitrogen with alkaline permanganate in the center well and in one side 
bulb to absorb nitric oxide. Recovery of nitrogen from known glucosamine 
samples was good and no significant amount of nitrogen was split from 
N-acetylglucosamine under the mild conditions of acidity (dilute acetic 
acid was used for liberating nitrous acid from NaNO). (2) The fact that 
all anthrone-positive material of the intact polysaccharide Fraction 4 passes 
through a cation exchange resin (Nalcite HCR) without loss indicates that 
there cannot be many free amino sugar amino groups in the material. 
Glucosamine is readily taken up by the same resin. (3) Hydrolysis of the 
polysaccharide Fraction 4 with 0.01 Nn H2SO, at 100° results in the libera- 


TasB_e III 
Analyses of Fraction 4 Obtained in Three Separate Preparations of 
Polysaccharide from S. flexneri 
i LES Sea : 

















. | 
— N | Amino sugar | Glucose | Rhamnose Lidiiatis ase rae Precipitin titer 
snijbepePcan Seat as | Sewer, Ce ‘Che ae ees EE ssi 
| per cent | per cent | per cent | per cent per cent | 
| | 
1 18 | 15.0 | 37 | 3 | 17 | 15 | 2.5 x 108 
2 | 16 | 1.9 | 2% | 32 | 10 | 18 | 2.5 x 10° 
3 bo lee | 15.9 | 25 39 De eee 3.0 X 
| | 


0.7 
tion of material which gives the color reaction for N-acetylglucosamine (15). 
Under these conditions, free N-acetylglucosamine is destroyed to the ex- 
tent of 56 and 98 per cent in 24 and 48 hours, respectively. However, 
material which reacts as N-acetylglucosamine is split from Fraction 4, 
reaches a maximum of 40 per cent of the total amino sugar in about 4 days, 
and then decreases slowly. Only about 50 per cent of the potential re- 
ducing power of the fraction is released in almost 8 days of this gentle 
hydrolysis. These results are shown in Fig. 5. Thus, at least 40 per 
cent of the total amino sugar can be demonstrated to be N-acetylamino 
sugar. 

For the isolation of phosphate esters, Fraction 4 was hydrolyzed for 4 
hours in N HCl at 100°. The pH was adjusted until the solution was pink 
to phenolphthalein and barium acetate was added. No significant pre- 
cipitation of phosphate compounds occurred until after treatment with 2 
volumes of ethanol. The precipitate was washed with 65 per cent ethanol 
and suspended in water, and the soluble material was reprecipitated with 
ethanol. Barium was removed with H.SO,. 
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Analysis of the phosphate esters indicated the presence of about 7 per 
cent hexose-6-phosphate which reacted with glucose-6-phosphate dehy- 
drogenase in the presence of TPN. Since the enzyme preparation con- 
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Fig. 5. Hydrolysis of Fraction 4 by 0.01 n H2SO, at 100°. X, liberation of redue- 
ing groups (per cent of total); @, liberation of material giving the color reaction of 
N-acetylamino sugar (per cent of total amino sugar). 
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Fig. 6. Absorption spectra obtained with the CyR10 test of Dische and Shettles 
(10). @, 50 y of p-gala-L-mannoheptose; X, sugar moiety from a phosphate ester 
obtained from the polysaccharide of S. flexneri, type 3. 


tained Lohmann’s isomerase (26), the phosphate ester preparation may 
contain either glucose- or fructose-6-phosphate. 

The only other carbohydrate so far identified in such preparations is an 
aldoheptose, galamannoheptose (27). Its presence was first indicated by 
an anomalous color which appeared when the material was tested in the 
methylpentose-cysteine reaction of Dische and Shettles (10). The pink 
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color with an absorption maximum at about 510 my was suggested by 
Dische® as being characteristic of the 7-carbon sugars (28). A compari- 
son with several 7-carbon sugars‘ indicated a marked resemblance of the 
spectrum obtained with the cysteine reaction of the unknown sugar to 
that found with p-gala-L-mannoheptose as is shown in Fig. 6. 


DISCUSSION 


The polysaccharide from S. flexneri, type 3, is similar to that isolated 
by Morgan from S. dysenteriae (1). The principal difference in composition 
appears to be in the hexose residue, D-galactose being present in the ma- 
terial isolated from S. dysenteriae, whereas D-glucose is found in the poly- 
saccharide of S. flexneri, type 3. Since this work was completed, Jesaitis 
and Goebel have shown that Shigella sonnet, Phase II, contains glucose, 
galactose, an amino sugar, and a remarkably large amount of a heptose in 
the lipocarbohydrate moiety of its somatic antigen (29). 

Morgan found the precipitin activity of the polysaccharide of S. dysen- 
teriae to be completely destroyed by heating for 1 hour with 0.1 Nn H:SO, 
(4). The absence of activity may have been due to the presence of a pre- 
cipitin-inhibiting substance formed during the hydrolysis (4). Although 
we have not tested such hydrolysates for substances inhibiting precipitin 
activity, the material obtained after treatment of Fraction 2 with 0.1 N 
H.SO, for 1 hour at 100°, followed by precipitation with ethanol and dialy- 
sis, retains high precipitin activity. 


SUMMARY 


A polydisperse polysaccharide has been isolated from Shigella flexneri, 
type 3. The material contains p-glucose, t-rhamnose, and N-acetyl-p- 
glucosamine as its principal constituents. It also contains a small amount 
of organically bound phosphorus which consists, in part, of hexose-6- 
phosphate and galamannoheptose phosphate. The degraded polysaccha- 
ride is non-antigenic but has marked precipitin activity when tested with 
the specific antiserum. 


The authors are indebted to Mr. William D. Hann for valuable assistance 
and to Dr. Riley D. Housewright and Dr. James T. Park for their interest 
and encouragement during the course of this investigation. 
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THE HYDROLYSIS OF 1t-a-GLYCERYLPHOSPHORYL- 
ETHANOLAMINE* 


By GERHARD SCHMIDT, MAURICE J. BESSMAN,{ anp 
8. J. THANNHAUSER 


(From the Research Laboratories of Tufts College Medical School and of the Boston 
Dispensary, Boston, Massachusetts) 


(Received for publication, January 28, 1953) 


Observations reported in earlier investigations (1, 2) showed that the 
ester bonds between the choline and the phosphoric acid group in glyceryl- 
phosphorylcholine (GPC) and in lecithins are much more labile toward acid 
and alkali than is the corresponding bond in phosphorylcholine. Further- 
more, no free glycerol was formed during the time required for the quan- 
titative liberation of choline. The question arose as to whether this be- 
havior is peculiar to the choline compounds studied, or whether it is a more 
general phenomenon of certain types of esters of glycerophosphoric acid. 
In the present paper, some observations on the hydrolysis of L-a-glyceryl- 
phosphorylethanolamine (L-a-GPE) will be reported. The essential re- 
semblance of the behavior of both glycerophosphory] esters, L-a-GPC and 
t-a-GPE, will be demonstrated. 


Materials and Methods 


L-a-GPE was obtained by the hydrolysis of acetal phospholipides, ac- 
cording to Thannhauser, Boncoddo, and Schmidt (3). The analytical 
data of the sample used had been reported earlier. Purified acid prostatic 
phosphatase was prepared according to Schmidt et al. (4). 

Purified alkaline phosphatase was prepared according to a modification 
of the procedure described by Schmidt and Thannhauser (5). The modi- 
fication consisted mainly in replacing the kaolin adsorptions used for the 
removal of trypsin in the earlier investigation by a series of fourteen sub- 
sequent adsorptions on Norit at the pH range between 5.8 and 5.6. 

Inorganic and total phosphates were determined according to Fiske and 
Subbarow (6), ethanolamine according to Artom (7). 

The quantitative partition of the phosphorus compounds of the hy- 
drolysate into diesters and monoesters of phosphoric acid was accom- 


* This study was aided by grants from the American Cancer Society, the United 
States Public Health Service, the Rockefeller Foundation, the Godfrey H. Hyams 
Trust Fund, the Bingham Associates Fund, and the Charlton Fund. 

+ This paper forms part of a thesis submitted by Maurice J. Bessman to the De- 
partment of Biochemistry of Tufts College Medical School in partial fulfilment of the 
requirements for the degree of Master of Science. 
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plished by the action of prostatic phosphatase, which was found to have no 
effect on GPE and GPC, but which quantitatively cleaved the monoesters 
a- and f-glycerophosphate as well as phosphorylethanolamine under ap- 
propriate conditions. The amounts of phosphoric acid monoesters present 
in hydrolysates of GPE were, therefore, calculated from those of the inor- 
ganic phosphate formed during the incubation of such hydrolysates with 
an excess of phosphatase. 300 to 400 units (4) of the enzyme (usually 
present in 1 cc. of a purified enzyme solution) were used for the quantitative 
hydrolysis of 2 mg. of monoester P during 2 hours incubation at 37° and at 
pH 5.6 in the presence of 0.05 m to 0.1 m acetate buffer. Care was taken to 
keep the salt concentrations of the digests below 0.2 m. 


EXPERIMENTAL 
Effect of Some Phosphatases on t-a-GPC and t-a-GPE 


Neither t-a-GPE nor L-a-GPC was hydrolyzed during 24 hours with 250 
units (4) of prostatic phosphatase. This amount of enzyme exceeded at 
least 50-fold the amount required for the quantitative cleavage of equi- 
molar quantities of a- and of 8-glycerophosphoric acid within 1 hour. 

The two phosphoric acid diesters were likewise resistant toward the ac- 
tion of alkaline phosphatase at pH 9. On the other hand, a large part of 
the phosphoric diester groups of yeast ribonucleic acid (RNA) was hy- 
drolyzed by the same enzyme preparation. In a representative experi- 
ment, 72.5 per cent of the total phosphorus of yeast RNA (containing 7.5 
mg. of P) was transformed into inorganic phosphorus during a 24 hour 
incubation with 200 units (5) of intestinal phosphatase at pH 7.2. 


Rates of Hydrolysis of GPE at 100° in Presence of 0.1 n and 1 n 
Hydrochloric Acid and of 1 n Sodium Hydroxide 


Table I shows the degrees of hydrolysis of L-a-GPE observed at various 
time intervals in the presence of 0.1 N and 1 N hydrochloric acid and of 1 n 
sodium hydroxide respectively. It can be seen that L-a-GPE, in contrast 
to L-a-GPC, was hydrolyzed more rapidly by hydrochloric acid than it was 
by corresponding concentrations of sodium hydroxide. The rates of cleav- 
age by 0.1 n hydrochloric acid and by 1 N sodium hydroxide were suffi- 
ciently slow to permit some conclusions regarding the kinetics of the 
hydrolysis. The K values as calculated for a unimolecular course are 
given in parentheses. They were not constant, but decreased during the 
initial phases of the hydrolysis. No inorganic phosphate was formed at 
any stage of hydrolysis under the conditions studied. 


Nature of Phosphoric Acid Monoester Formed during Hydrolysis of L-a-GPE 


The amount of free ethanolamine liberated from L-a-GPE by 1 n hydro- 
chloric acid at 100° during 60 minutes corresponded to 99 per cent of the 
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total nitrogen of the GPE initially present. Since no inorganic P was 
formed, it was concluded that only the bond between the ethanolamine 
group and the phosphoric acid group was cleaved during the reaction with 
hydrochloric acid, whereas the glycerol group remained quantitatively 
esterified with phosphoric acid. A partial transformation of the a ester 
into 6-glycerophosphoric acid was observed. The data demonstrating this 
migration agree essentially with those of Baer et al. (8) and are not reported. 
They were obtained on samples of glycerophosphoric acid isolated from 
hydrolysates of L-a-GPE, and had, therefore, no bearing on the question as 
to whether the migration occurred in part on the intact L-a-GPE molecule. 


TABLE I 
Hydrolysis of L-a-GPE 
Temperature, yes volume, 4 cc.; P values expressed in mg. of P per 4 cc. of 


reaction mixture. = 1/t log (a/a — x), where ¢ represents the time of hydrolysis 
in minutes, a the psobsit of total P, and z that of monoester P for each haticae 


| Monoester P at various time intervals 











i ree 0.132 | 0.050 
| | (1.6) 


Hydrolyzing agent | Total P a eee ee ae ane eee 
| 10min. | 20 min. 30min, | 45 min. 
| mg. | mg. mg. | még. 
OY WHO oe sence atere 0.146 0.040 | 0.052 0. 08 0.092 
| | a4y* | 0.95) | 2) | (0.99) 
Be NL, Saeed 0.156 ' 0.183 | 0.147 | 0.157 | 
BNC Os kes Gai ests 0.140 | 0.140 | 0.142 | 0.142 | 
| 0.078 0.098 
| 


(1.2) | (1.8) 


* The figures in parentheses = K X 100. 


DISCUSSION 


The observations reported in this paper demonstrate the essential simi- 
larity of the two phosphoric acid diesters t-a-GPC and L-a-GPE in respect 
to their behavior against hydrolyzing agents. (1) In both diesters of 
phosphoric acids, the ester bonds of the basic alcohols are much more labile 
than those of the corresponding monoesters of phosphoric acid. (2) The 
basic alcohols are practically quantitatively liberated by acids without 
the formation of inorganic phosphate. 

These observations are in agreement with Chargaff’s (9) theory of the 
phosphoryl migration in glycerophosphoric acids and with Baer and Kates’ 
(2) theory of the hydrolysis of GPC. These theories were recently 
extended by Brown and Todd (10) to other phosphoric acid diesters contain- 
ing a free hydroxyl group vicinal to the phosphoryl group, e.g. ribopoly- 
nucleotides. According to these authors, the lability of such phospho- 
diesters toward acids and bases is caused by their tendency to form unstable 
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cyclic triesters of phosphoric acid. In the cases of t-a-GPC and L-a-GPE, 
the cyclic ester bonds would involve the hydroxy groups of the glycery] 
rests. The first stage of hydrolysis of the hypothetical intermediary tri- 
ester would lead either to the irreversible liberation of the basic alcohol or 
to the reversible migration of the phosphoryl group from the a- to the 
6-carbon atom of the glyceryl group (2). Eventually, the basic alcohol 
groups would be quantitatively liberated, whereas the total amount of the 
phosphoric acid groups would be present as an equilibrium mixture of a- 
and of 6-glycerophosphoric acid. 

The assumption of cyclic phosphoric acid triesters as intermediates in 
the hydrolysis of GPC and GPE implies that migration of the phosphory] 
group from the a to the 8 position of the glyceryl group would occur prior 
to the liberation of the basic alcohols. Evidence of phosphoryl migration 
in GPC prior to the liberation of choline was reported by Baer and Kates 
(2). Unfortunately, the limited amounts of pure Lt-a-GPE available have 
not so far permitted the performance of similar kinetic experiments on this 
substance. The initial decrease of the K values observed during the hy- 
drolysis of GPE with acids and bases was possibly caused by migration of 
the phosphorylethanolamine group prior to cleavage of the bond between 
ethanolamine and the phosphoryl! group. 

Neither t-a-GPC nor t-a-GPE was hydrolyzed by highly active prepa- 
rations of acid prostatic phosphatase and alkaline intestinal phosphatase. 
Nevertheless, these findings do not justify a classification of these phos- 
phatases into phosphomono- and phosphodiesterases, because samples of 
purified alkaline phosphatase which were inactive toward L-a-GPC and 
L-a-GPE hydrolyzed a large part of the phosphodiester groups of yeast 
ribonucleic acid. 


SUMMARY 


1. The ester linkage between ethanolamine and phosphoric acid in L-o- 
GPE was found to be much more labile against acid and alkali than that 
in phosphorylethanolamine. 

2. Ethanolamine was quantitatively liberated from t-a-GPE by 1 n 
hydrochloric acid at 100° prior to the formation of inorganic phosphate. 

3. The observations reported support the assumption of the interme- 
diary formation of a cyclic phosphoric acid ester during the acid and 
alkaline hydrolysis of phosphoric acid diesters containing a vicinal alcoholic 
group, in agreement with the theories of Chargaff (9), of Baer and Kates 
(2), and of Brown and Todd (10). 

4. Both t-a-GPC and t-a-GPE were resistant toward acid prostatic 
phosphatase and alkaline intestinal phosphatase. 

5. Samples of purified alkaline phosphatase which were inactive toward 
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pp. | t-a-GPE were capable of hydrolyzing a large part of the phosphodiester 
, | bonds of yeast ribonucleate. 
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THE DETERMINATION OF GLUTATHIONE IN THE PRESENCE 
OF NITRITE 


By R. A. MORTENSEN 


(From the Department of Biochemistry, School of Medicine, College of Medical 
Evangelists, Loma Linda, California) 


(Received for publication, February 24, 1953) 


Studies on the possible réle of reduced glutathione (GSH) in the conver- 
sion of the drugs nitroglycerin and erythritol tetranitrate to nitrites (1) 
and in the reduction of methemoglobin to hemoglobin (2) have led to the 
need for a method of determining GSH in the presence of nitrite. The 
common methods for GSH cannot be employed for this purpose because 
nitrite interferes with the analyses. This has been found to be true of the 
iodometric and the nitroprusside procedures for GSH, and the ampero- 
metric titration method for sulfhydryl groups. Heppel and Hilmoe (1) 
were able to decrease the interference of nitrite in the iodometric procedure 
by the addition of sulfanilamide, but recoveries were only 72 per cent or 
less. 

The present paper describes simple modifications of the nitroprusside 
method of Grunert and Phillips (3) and the amperometric procedure of 
Benesch and Benesch (4) in which sulfamic acid is used to remove nitrite 
and thus eliminate its interference. Good recoveries have been achieved. 


Methods 


Nitroprusside Procedure—0.5 ml. of heparinized blood is mixed with 
1 ml. of 0.3 per cent saponin solution in a test-tube. After allowing 1 
minute or 2 for hemolysis, 2 ml. of 5 per cent metaphosphoric acid are 
added to the hemolyzed blood and mixed with it. This is followed at 
once with 0.5 ml. of 1 per cent sulfamic acid and sufficient solid sodium 
chloride to saturate the solution (about 1.8 gm.). The resulting mixture 
is centrifuged and filtered through a 7 cm. Whatman No. 2 paper. The 
analysis is completed with a 2 ml. aliquot of the filtrate according to the 
procedure of Grunert and Phillips (3) without further modification. 0.5 
ml. of a GSH solution containing 40 mg. per 100 ml. serves as a standard. 

In analyzing tissues, a weighed frozen sample is rapidly homogenized 
(3) with 2.5 ml. of 5 per cent metaphosphoric acid and 0.5 ml. of water. 
The homogenate is treated immediately with 1 ml. of 1 per cent sulfamic 
acid. It is then saturated with sodium chloride and analyzed for GSH in 
the same manner as blood. 

Amperometric Procedure—The method of Benesch and Benesch (4) for 
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blood filtrates is followed, except that the volume of saponin solution is 
reduced to 7.5 ml. to permit the addition of 0.5 ml. of 1 per cent sulfamic 
acid, the sulfamic acid being added immediately after the deproteinization 
of the sample with sulfosalicylic acid. 


Removal of Nitrite 


A number of reagents known to react with nitrite were explored. These 
included urea, thiourea, ammonium chloride, and sulfamic acid. Only 
sulfamic acid gave satisfactory recoveries. This reagent effectively re- 
moved nitrites even in low concentrations (5). As will be shown, it does 
not alter the intensity of the GSH-nitroprusside color reaction. Ammo- 
nium sulfamate may be similarly employed, but it was found to be less 
effective in these procedures. 

In order to ascertain the amount of sulfamic acid required, the effect 
of varying the concentrations of the sodium nitrite and the acid was 
studied. The results obtained with a solution of pure GSH are given in 
Table I. With blood samples, smaller amounts of sulfamic acid suffice 
for a given quantity of nitrite, as might be expected, since a portion of the 
latter substance reacts with hemoglobin to form methemoglobin. The 
amounts chosen in the present procedures have been found satisfactory for 
all concentrations likely to be encountered in biological materials. 

The point at which the sulfamic acid is introduced may influence the 
results. Addition of the acid to a sample before precipitation of the pro- 
teins leads to low results. Low values are likewise obtained when the 
addition is made at any stage subsequent to that specified in the pro- 
cedures, owing to the fact that sulfhydryl groups are slowly inactivated by 
nitrites in acid solution.! 


Standard Curve for Nitroprusside Method 


Known samples covering a concentration range of 20 to 120 mg. per 
cent were carried through the procedure in the absence and presence of 
nitrite (40 mg. of sodium nitrite per 100 ml. of sample). Beer’s law was 
found to hold throughout this range. 


Results 


The modified nitroprusside procedure was tested on normal adult rats 
injected intraperitoneally with 28 mg. of sodium nitrite per kilo of body 
weight (causing a maximal conversion of approximately one-third of the 
hemoglobin to methemoglobin). Blood samples were drawn by heart punc- 
ture before and after injection, and the erythrocyte GSH concentrations 


1 Unpublished observation. 
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were determined. In one experiment with twelve animals, the mean dif- 


ry ference between the values obtained before and 3 hours after injection 
r 
‘lon TaBLe I 


Effect of Varying Concentrations of Sulfamic Acid and 
Sodium Nitrite on Color Intensities 
0.5 ml. portions of sulfamic acid having the concentrations indicated in the first 
1ese column were used in the respective tests. Concentrations of sodium nitrite are 
nly given in mg. per 100 ml. of sample. A 38 mg. per cent GSH solution was 
used throughout. Color intensities are expressed in Evelyn colorimeter L values 




















sa (2 — logio of galvanometer readings). 
loes a 
Sodium nitrite, 0.0 | Sodium nitrite, 1.6 Sodium nitrite, 8 Sodium nitrite, 40 
mo- Cannditniiadliiia a mg. per cent mg. per cent mg. per cent mg. per cent 
less “sulfamic acid — 
Color intensity 
ffect per cent i 
was 2.0 0.264 0.268 0.264 0.262 
n in 0.8 0.272 0.270 0.268 0.262 
fice 0.4 0.268 0.268 0.262 | 0.236 
r the 0.2 0.272 0.268 | 0.196 | 0.000 
pe 0.0 0.265 0.262 0.038 0.000 
The a gto te 
y for Tasie II 
Comparison of GSH Analyses by Modified and Unmodified Methods in 
> the Presence and Absence of Nitrite 
pro- The samples were treated with nitrite by adding 0.02 ml. of 1.2 per cent sodium 
| the nitrite to 0.5 ml. of blood, and by adding 0.01 ml. to 100 mg. of liver during homo- 
pro- genization. The recovery was calculated as the value in the fifth column divided 
by | by 1 per cent of the value in the second column. 
Nitroprusside method saieaa= oo tusside 
Sample Recovery 
. Without with nitrite! Without with nitrite 
ce of i: per cent nn per cent\mg. per cent mg. per cent) per cent 
7 was BOUEES kien recs othe sone ee ee 37.0 7.7 35.4 36.0 97 
I ve PAs Rk SR 34.2 0.6 32.7 32.6 95 
OF a ead ab ret ares tere ee oe 31.7 13.2 30.6 30.2 95 
FE RSAC ena Oe 37.0 25.4 35.8 36.6 99 
Se eee OR Oar es LALO eee arene 28.2 0.8 29.5 27.0 96 
TG Sees eer 202 0 197 194 96 
body BE gO a esate he OREO A oti a 187 0 192 192 102 
f the 
pune- | Was 2.1 per cent. It should be pointed out, however, that the good agree- 


itions | ment obtained for normal rats was not obtained for certain abnormal 
ones in which nitrite injection apparently lowered the erythrocyte GSH 
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concentration.! The unmodified technique consistently yielded low values 
following injection, some being less than 20 per cent of the preinjection 
values. 

In order to check the method for recovery, sodium nitrite was added to 
blood and liver samples in vitro. The GSH concentrations found by the 
present method after the addition of nitrite were compared with the con- 
centrations obtained by the unmodified method on the same samples before 
treatment with nitrite. Such tests seemed sufficient since satisfactory 
recovery of GSH added to blood had been previously obtained in this 
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Fig. 1. Effect of sodium nitrite and sulfamic acid on the amperometric titration 
of sulfhydryl groups of blood filtrate. Curve A, nitrite without sulfamic acid; 
Curve B, without nitrite and sulfamic acid; Curve C, nitrite and sulfamic acid. 
Points 1, 2, and 3 represent the approximate end-points of the three titrations. 





laboratory. Recoveries computed on this basis ranged from 95 to 102 
per cent. Typical results are shown in Table II. The results obtained 
with nitrite in the absence of sulfamic acid and with sulfamic acid alone 
are included for comparison. 

The amperometric titration procedure was checked in a similar way. 
Typical curves are presented in Fig. 1. It will be seen that in this pro- 
cedure, also, sulfamic acid effectively overcomes nitrite interference. 


SUMMARY 
1. Nitrite interferes with the usual methods for reduced glutathione 
determination. 


2. Modifications of the nitroprusside and amperometric methods in which 
sulfamic acid is used to eliminate the interference of nitrite are described. 
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3. The necessary conditions for the removal of nitrite by sulfamic acid 
have been determined. 

4. The modified procedures have been shown to yield results in the pres- 
ence of nitrite in satisfactory agreement with those obtained in its absence. 


The author wishes to acknowledge the assistance of Miss Lilah Nahorney 
and Mrs. Barbara Goyne. 
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FORMS OF PHOSPHORUS IN THE PENICILLIN-PRODUCING 
MOLD PENICILLIUM CHRYSOGENUM Q-176* 


By D. A. KITAf ann W. H. PETERSON 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, December 5, 1952) 


Although mold mycelium has been investigated a number of times, few 
definite compounds of phosphorus other than orthophosphate have been 
identified. A metaphosphate and a pyrophosphate were isolated by Mann 
(1-3) from a trichloroacetic (TCA) acid extract of the mycelium of Asper- 
gillus niger. A polymetaphosphate was obtained from a sodium carbonate 
extract of the same mold by Ingelman and Malmgren (4-6). Snell (7) 
reported the same compounds in the mycelium of Penicilliwm chrysogenum 
Q-176. Orthophosphate has been set free, presumably from organic com- 
pounds, under various conditions of acid hydrolysis, but no such organic 
forms of phosphorus have been isolated and identified (7-12). The present 
investigation deals with the isolation and characterization of several or- 
ganic phosphorus compounds from the mycelium of P.' chrysogenum Q-176. 


EXPERIMENTAL 
Methods 


The mycelium used in this work was grown in 80 gallon tank fermen- 
tors! in a synthetic medium which contained, gm. per liter, glucose 28, 
(NH4)SO, 10, CaCO; 2, KH2PO, 6, ZnSO,-7H2O 0.04, MnSO,-H:0 0.04, 
MgSO,-7H.0 0.4 (13). The mycelium was harvested after about 72 hours. 
The pH at time of harvest was between 7 and 8 and the amount of penicillin 
per ml. was at its maximum. The mycelium was filtered with suction 
and stored at —10° until used. It contained about 75 per cent moisture 
and an average of 2.2 per cent phosphorus on the dry basis. 

Micromethods were used for all the analyses. Inorganic phosphorus 
(Po) was determined colorimetrically by the Fiske and Subbarow method 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. 

Presented in part at the 118th meeting of the American Chemical Society at 
Chicago, September 3-8, 1950, and at the Seventeenth International Congress of 
Pure and Applied Chemistry at New York, September 10-13, 1951. Supported in 
part by funds from the Schenley Research Institute. 

+ Present address, Chas. Pfizer and Company, Inc., 11 Bartlett Street, Brooklyn 
6, New York. 

1 The mycelium was grown by Dr. M. W. Bautz while working in this laboratory. 
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(14) and total phosphorus (Pi.¢.) was obtained as outlined by LePage (15). 
The terms 7 and 10 minute labile phosphorus (P; and Pi, respectively) 
are used to designate inorganic phosphorus released by hydrolysis with 
boiling n HCl for 7 and 10 minutes. P,, denotes total phosphorus minus 
the sum of Py and P7; 7.e., Pros. = Po + P: + Ps7. Nitrogen was obtained 
by the method of Johnson (16). Reducing power was estimated by the 
method of Horvath and Knehr (17) and also by the method of Park and 
Johnson (18). The methods of Gurin and Hood (19), Dreywood (20), 
and Kerr and Seraidarian (21) were used to identify the sugars associated 
with the phosphorus. Inositol was determined by a modification of the 
yeast microbiological method of Atkin et al. (22). A strain of Saccharo- 
myces carlsbergensis 4228 was used as the assay organism. Adenine was 
determined quantitatively with the Beckman spectrophotometer at 257 my, 

The phosphorylation of glucose with yeast hexokinase? was studied by 
the method of Slein, Cori, and Cori (23). The rate of sugar disappearance 
was followed in the reaction mixture after precipitation of proteins and 
phosphorylated sugars by means of barium hydroxide and zinc sulfate. 
A rat intestinal phosphatase which was shown to have phytase activity 
was used in some enzyme studies. It was prepared as follows: The first 
one-third of the intestines of a 200 gm. rat was cleaned and washed with 
distilled water. It was then dried between paper towels, weighed, cut in 
small pieces, and homogenized for 10 minutes in a Waring blendor with 
20 ml. of water for each gm. of intestine. The supernatant fluid was used 
for enzymatic hydrolysis in a sodium barbiturate buffer at 37°. The 
buffer solution contained 5 ml. of 0.1 N sodium barbiturate, 2 ml. of 8.5 
per cent sodium chloride, pH 7.8, and water to 25 ml. The reaction 
mixture contained 5 ml. of buffer, 1 ml. of enzyme solution, substrate 
solution (about 700 7 of Po), and water to make 10 ml. 

Fractionation of Extracts—Various procedures (24-26) which have been 
used to isolate phosphorylated organic compounds from animal and plant 
tissues were tried with little success. Inorganic phosphorus appeared in 
all the fractions. The method finally adopted is outlined in Diagram 1. 
Extraction with 4 per cent TCA was superior to extraction with water 
or 0.02 n HCl. A water extract was unstable after standing a few hours 
at room temperature and the chloride ion interfered in the fractionation of 
the HCl extract. About 40 per cent of the total phosphorus in the myce- 
lium was extracted with 4 per cent TCA. A typical extract contained 
Po, Pz, and P,; in a ratio of 70:4:26. In this procedure the organic phos- 
phorus compounds were removed from the inorganic phosphorus by pre- 
cipitation with alcohol and calcium acetate at pH 3. This initial pre- 


2 The hexokinase preparation was obtained from Dr. H. A. Lardy, Institute for 
Enzyme Research, Madison, Wisconsin. 
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cipitation was satisfactory about 75 per cent of the time. With some 

extracts, it was necessary to repeat the precipitation two or more times. 

The precipitate (Fraction A) was extracted with water and the water- 
Mycelium (1000 gm., wet basis) 


5000 ml. 4% TCA, 5°, 4 
hrs.; centrifuge 

















| 
Residue; 7500 ml. C2H;OH, 170 ml. 
discard 1% Ca(OOCCHs)2, pH 
3, 5°, 15 hrs.; 
centrifuge 
Fraction A, air-dried (600 mg.) Supernatant (Po) 
250 ml. H.O, 
25°, 1 hr.; 
centrifuge 
Fraction B, air-dried 375 ml. C2H;OH, 
(360 mg.) (inositol 5°, 15 hrs.; 
phosphate, AMP, centrifuge 
ATP) 
| 
Fraction C, air-dried (90 mg.) Supernatant; 
(Mannose-1-phosphate) discard 


DracRaM 1. Fractionation of extract of mycelium grown in synthetic medium 


TaBLe I 
Composition of Various Fractions of Mycelium* 





Fraction | Po | P; | P>7 Ptot. | NH3-N Total N 
wad per cont | perce | per ‘ab | per cent per cout oe out 1 
Aire: Sie aitiasn oes | O28 | okiw |) ‘ea b>» 1005 0.3 3.7 
Diieniseesti:mulliune 2. 2 Te ee ae 
 uaipabiedei ober: | 12 | 7.3 | 18 10.3 | 0.1 0.5 


* Based on air-dried material, as described in Diagram 1. 


insoluble material (Fraction B) and water-soluble substances (Fraction C) 
were fractionated further. Typical analyses of these fractions are given 
in Table I. It can be seen that most of the orthophosphate remained in 
the filtrate, for Fraction A is composed mainly of P; and P,;. Fraction B 
contained approximately equal amounts of labile and stable phosphorus 
compounds, whereas Fraction C contained mostly compounds which were 
labile to boiling N HCl. 

Isolation of Adenosinetriphosphate (ATP) and Adenylic Acid (AMP) from 
Fraction B—The properties of Fraction B, viz. ultraviolet absorption, posi- 
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tive pentose test, and the ratio of P; to Py, indicated the presence of ATP 
and AMP. The method used to isolate these compounds is outlined in 
Diagram 2. In all the steps in which precipitation was involved, the 
Fraction B (360 mg.) 
250 ml. 0.1 n HCI; 
centrifuge 





I 
Residue Adjust pH to 8.2 with KOH, 
10 ml. 1% Ba(OOCCH;)>, 
5°, 30 min.; centrifuge 





I} ; 
900 ml. C.H;OH, 5°, 
10 hrs., centrifuge 


100 ml. 4% TCA, 150 ml. 
C.H;0OH, o, 10 hrs., 

















centrifuge | 
| 100 ml. 4% TCA, Superna- 

Fraction B-1, air-dried (10 Supernatant; 150 ml. C.H;OH, tant; 

mg.) 20 ml. 0.05 n HCl; discard 6°; 10: hre.; discard 

pass through IR-100; ; centrifuge 

make ammoniacal, pass 

through IRA-400; elute Fraction B-2, air-dried (50 mg.) Superna- 

impurities with 50 ml. 20 ml. H.O; pass through IR- tant; 

(1:1) 0.01 n HCl + 0.02 100; make ammoniacal, pass discard 

nN NaCl; elute sample through IRA-400; elute im- 

with 50 ml. (1:1) 0.01 N purities with 50 ml. 0.01 N 

HCl + 0.2 n NaCl NH,Cl; elute sample with 50 

(yields ATP) ml. 0.01 n HCl (yields AMP) 


DracramM 2. Isolation of ATP and AMP from Fraction B 


precipitate was dissolved and reprecipitated several times to remove im- 
purities. This same procedure is used in obtaining ATP from rabbit muscle 
(15). Fraction B-1 contained 8.6 per cent total phosphorus (5.8 per cent 
Py and 2.8 per cent P, 1) and 6.1 per cent nitrogen. The analyses in- 
dicated a purity of about 71 per cent ATP. The ultraviolet absorption 
spectra of this fraction and ATP® are shown in Fig. 1. Enzyme studies 
were made on this precipitate after removing the cations with the exchange 
resin, Amberlite IR-100. The rate of phosphorylation of glucose by yeast 
hexokinase was the same with Fraction B-1 as with an equivalent amount 
of ATP. About 20 per cent of the glucose (0.002 m) was phosphorylated 
in 1 hour. Fraction B-1 was purified further by the use of an IRA-400 
anion exchange column (Diagram 2). This procedure is similar to that 
of Cohn and Carter (27). The molar ratio of adenine, pentose, phos- 
phorus, and nitrogen in the final eluate was 


Calculated for ATP. 1:1:2:1:3:5 
Found. Adenine 1.0:pentose 1.0:Pio 1.95:Ps10 0.98:Ptor, 2.93:N 4.83 





3 ATP was obtained from the Pabst Laboratories, Milwaukee, Wisconsin. 
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Attempts were made to precipitate the ATP from the salt solution used 
for elution from the column, but without success. 

Fraction B-2, the precipitate from the barium-soluble fraction, con- 
tained 2.5 per cent phosphorus (0.4 per cent Pi and 2.1 per cent P, 1). 
It gave positive adenine and pentose tests and was found to contain 
adenylic acid. It was purified in much the same way as the ATP, except 
that it was eluted from the resin with 0.01 n HCl. This eluate gave the 
same adenine absorption curve as AMP and contained adenine, pentose, 
phosphorus, and nitrogen in the following molar ratio: 


Calculated for AMP. 1:1:1:5 
Found. Adenine 1.0:pentose 0.98:P 1.01:N 4.91 
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Fig. 1. Absorption spectra of ATP and Fraction B-1. 
Fra. 2. Absorption spectra of carbazole complexes. 
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im- 
cle The AMP was obtained in about 50 per cent purity, due to the presence 
ent of inorganic salts which were precipitated along with AMP. It is believed 
in- that some of this AMP was formed from the ATP during the fractionation 
ion procedure because an increase of Py was noted at various times. Adenylic 
lies acid is a very stable compound as compared with ATP. The presence of 
nge adenosinediphosphate was not detected. 

ast Detection of Inositol Phosphate in Fraction B—The marked stability to 
unt acid hydrolysis of a compound in this fraction and the presence of phytate 
ted in plant tissue led to an investigation for inositol phosphate. No free 
400 | inositol was present before hydrolysis, but, after hydrolysis in 18 per cent 
hat hydrochloric acid for 8 hours under reflux conditions, it was liberated and 
n0s- | could be measured by the yeast. microbiological assay described above. 
Inositol was liberated also by the rat intestinal phosphatase at pH 7.8. 
The ratio of inositol to Ps, liberated during hydrolysis was 1 to between 2 
2 and 3. These results are shown in Table II. The amount of inositol 
phosphate present is very minute and no satisfactory procedure for iso- 
lating it has been devised. 
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Isolation of Mannose-1-phosphate from Fraction C—Fraction C was dis- 
solved in 4 per cent trichloroacetic acid and reprecipitated with 1.5 volumes 
of ethyl alcohol to remove any inorganic phosphorus which formed on 
standing. This material was dissolved in water and passed through an 
Amberlite [R-100 column to remove the metals present. Calcium acetate 
and 2 volumes of alcohol were added to the solution. A white precipitate 
formed which was centrifuged and air-dried. This material contained P, 
0 per cent, P; 9.2 per cent, and P,; 0.3 percent. This phosphorus content 
plus a positive sugar test indicated the presence of a sugar phosphate. 
The carbazole method of Gurin and Hood was used to determine which 
sugar was present. The absorption spectra of the carbazole-sugar com- 
plexes of glucose, mannose, and this precipitate are plotted in Fig. 2. 
Both the precipitate and mannose show two peaks, one at 430 mu and the 














TABLE II 
Hydrolysis of Fraction B 
| 18 per cent HCi* Rat intestinal phosphatase 
Time a ce i a tae Cee 
| Po | Inositol Po | Inositol 
ee, | uM | uM “— pM | = pM 
0 0 0 | 0 | 0 
8 0.344 | 0.144 | | 
15 | 0.350 | 0.140 | 0.032 0.006 
22 | | 0.079 0.033 


40 | 0.080 0.035 


other at 540 my, with a low point at 490 my. From these curves it ap- 
peared that mannose was the sugar present. Before hydrolysis no pre- 
cipitate was formed with phenylhydrazine, but after hydrolysis a pre- 
cipitate was formed without heating. This property is characteristic of 
mannose. In addition, the p-nitrophenylhydrazine derivative was formed. 
The melting point after recrystallization was 201-202°. This corresponds 
to that of mannose. From these data, it was concluded that mannose was 
the sugar present. 

The results obtained on hydrolysis of this precipitate with n HCl at 
99-100° and 0.5 n HCl at 59-60° are shown in Table III. It can be 
seen that the molar ratio of P; to mannose was about 1:1. This instability 
in acid is characteristic of mannose-1-phosphate and also shows that the 
precipitate was not mannose-6-phosphate. The analysis of a precipitate 
dried at 100° was as follows: 


Calculated for mannose-l-phosphate, calcium salt (CaCgH:,09P): mannose 60.1, 
P 10.3 
Found. Mannose 59.4, P 10.1 
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From these analyses it was concluded that the precipitate was mannose- 
1-phosphate. This work has been repeated several times and the same 
results were obtained each time. 

Effect of Changes in Medium on Phosphorus Compounds in M ycelium— 
Mycelium grown in a synthetic medium containing both glucose and lac- 
tose was treated in the manner described above. Hexose-1-phosphates 
were shown to be present; however, the sugar present was not entirely 
mannose. The carbazole-sugar complex absorption curve suggested the 
presence of both mannose and galactose but no definite conclusions can 
be made at present. 

A few preliminary experiments were carried out to determine the varia- 
tion in the types of phosphorus in the mycelium when the orthophosphate 


TasB.e III 
Hydrolysis of Fraction C-1 (Mannose-1-phosphate) 























N HCl (99-100°) 0.5 N HCl (59-60°) 
Time etnies A A oO ee ee eee abe 
P | Mannose P | Mannose 
min, pM | uM pM pM 
2 | 0.014 0.012 
5 0.052 0.052 
7 0.920 0.916 
10 0.920 | 0.916 0.082 0.079 
20 | | 0.285 0.282 
35 | | 0.350 0.351 
60 | 0.455 0.452 


in the medium was replaced or supplemented by pyrophosphate or phytate 
phosphorus. When phytate was present, the amount of stable phosphorus 
increased, whereas in the presence of pyrophosphate the amount of P, 
increased. The ratios of Po, P;, and P,;in the TCA extract were 25:10:65 
when sodium phytate was used and 19:58:23 when sodium pyrophosphate 
was used, as compared to 70:4:26 when orthophosphate was the phosphorus 
source. This observation was not exploited further but it indicated that 
the type of phosphate compounds stored in the mycelium was dependent 
upon that which was present in the medium. 


SUMMARY 


A procedure is described for the separation of various phosphorus com- 
pounds extracted from the mycelium of Penicillium chrysogenum Q-176 
by 4 per cent trichloroacetic acid. Separation of organic from inorganic 
phosphorus compounds in the extract was achieved by addition of ethyl 
alcohol and calcium acetate. Adenosinetriphosphate, adenylic acid, and 
mannose-1-phosphate were isolated from the extract. An inositol phos- 
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phate was also obtained but has not been fully identified. The types of 
phosphorus compounds in the extract appeared to vary when changes were 
made in the medium used in the fermentation. 


COnoar wd 
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ENZYMATIC OXIDATION OF a-KETOGLUTARATE AND 
COUPLED PHOSPHORYLATION * 


By SEYMOUR KAUFMAN, CHARLES GILVARG,}t OSVALDO CORI,} ann 
SEVERO OCHOA 


(From the Department of Pharmacology, New York University College of Medicine, 
New York, New York) 


(Received for publication, February 25, 1953) 


The occurrence of phosphorylation coupled with the primary dehy- 
drogenation of a-ketoglutarate during its oxidation to succinate and CO, 
by tissue particle preparations has been established (1, 2). The prepara- 
tion of a soluble system from pig heart capable of coupling the oxidative 
decarboxylation of a-ketoglutarate with the esterification of inorganic phos- 
phate (3) has led to the elucidation of the mechanism of the over-all re- 
action. The results indicated that the oxidation of a-ketoglutarate pro- 
ceeds according to the following reactions:! 


(1) a-Ketoglutarate + CoA-SH + DPN?* — succinyl-S-CoA + CO, + DPNH + Ht 
(2) Suecinyl-S-CoA + H,O — succinate + CoA-SH 


CoA 
(3) Sum, a-ketoglutarate + DPN* + H2O net succinate + CO.-+ DPNH + Ht 


Reaction 1 is similar to the pyruvate oxidation reaction (4, 5) in which 
acetyl CoA is formed instead of the succinyl derivative. In order for py- 
ruvate oxidation to proceed with catalytic amounts of CoA, the acetyl 
moiety of acetyl CoA must be transferred to acetyl acceptors such as 
orthophosphate or oxalacetate. Since the oxidation of a-ketoglutarate in 


* Aided by grants from the United States Public Health Service, the American 
Cancer Society (recommended by the Committee on Growth of the National Re- 
search Council), the Williams-Waterman Fund of the Research Corporation, and by 
a contract (N6onr279, T. O. 6) between the Office of Naval Research and New York 
University College of Medicine. 

+ Fellow of The National Foundation for Infantile Paralysis, Inc. Present ad- 
dress, United States Public Health Service, Tuberculosis Research Laboratory, 
Cornell University Medical College, New York. 

t Fellow of the Rockefeller Foundation. Present address, Instituto de Fisiologia, 
Universidad de Chile, Santiago, Chile. 

1 The following abbreviations are used: DPN*+ and DPNH, oxidized and reduced 
diphosphopyridine nucleotide; TPN*t, triphosphopyridine nucleotide; CoA or CoA- 
SH, coenzyme A (reduced); succinyl CoA or succiny]-S-CoA, succinyl coenzyme A; 
acetyl CoA or acetyl-S-CoA, acetyl coenzyme A; GSH, reduced glutathione; ATP, 
adenosinetriphosphate; ADP, adenosinediphosphate; AMP, adenosine-5’-phosphate 
muscle adenylie acid); PP, pyrophosphate; P, orthophosphate; Tris, tris(hydroxy- 
methy])aminomethane. 
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crude systems occurred in the absence of added acceptors, it was assumed 
(3) that the heart fractions contained an enzyme catalyzing the hydrolysis 
of succinyl CoA (Reaction 2). These conclusions were further supported 
by work in Green’s laboratory (6, 7). The enzyme catalyzing Reaction 2 
has been named succinyl CoA deacylase (7). 

When the soluble pig heart preparations are supplemented with hex- 
okinase and glucose, a-ketoglutarate oxidation is accompanied by esterifica- 
tion of orthophosphate (3). The fact that this phosphorylation is not 
inhibited by iodoacetate (3) or dinitrophenol (8) indicates its connection 
with the primary dehydrogenation of a-ketoglutarate. A clue to the mech- 
anism of the coupled phosphorylation was given by the observation that 
the same enzyme preparations catalyze the liberation of inorganic phos- 
phate from ATP if both CoA and succinate are present. Acetate cannot 
replace succinate. These observations suggested that both the phosphory- 
lation reaction and the dephosphorylation of ATP might occur through the 
reversible Reaction 4 (3). The net result of the coupling of Reaction | 
with Reaction 4 would be Reaction 5. 


(4) Succinyl-S-CoA + ADP + P = succinate + CoA-SH + ATP 


CoA 
(5) a-Ketoglutarate + DPN*+ + ADP + P CoA), 
succinate + CO. -+ DPNH + Ht + ATP 


Preliminary evidence that a-ketoglutarate oxidation and the coupled 
phosphorylation are catalyzed by separate enzymes has already been pre- 
sented (8). The present paper describes the isolation and purification of 
enzymes catalyzing Reactions 1, 2, and 4, and presents direct evidence for 
the occurrence of these reactions and for the couplings resulting in Reace- 
tions 3 and 5. These enzymes will be referred to as a-ketoglutaric de- 
hydrogenase (dehydrogenase), succinyl CoA deacylase (deacylase), and 
phosphorylating enzyme (P enzyme), respectively. Although the enzyme 
system catalyzing Reaction 1 has been purified as a unit (ef. also (6)), it 
probably consists of several individual enzyme components in analogy with 
the pyruvate oxidation system (4). Also no resolution into separate en- 
zymes, or separate reaction steps, has yet been obtained in the case of 
Reaction 4. It thus remains an open question whether this over-all re- 
action is catalyzed by more than one enzyme. 


Fractionation of a-Ketoglutarate System 


All three enzymes, dehydrogenase, deacylase, and P enzyme, have been 
isolated and purified starting with a fraction obtained from pig heart ex- 
tracts by precipitation with ammonium sulfate at 50 per cent saturation 
(0-50 fraction). The procedure for purification of the dehydrogenase dif- 
fers from the method developed independently in Green’s laboratory (9). 
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The purification and properties of the P enzyme are here described for 
the first time. 

Enzyme Assays—Because of the presence of a DPNH oxidase, the initial 
extracts and the 0-50 fraction are assayed for a-ketoglutaric dehydrogenase 
activity by measuring the rate of CO, evolution due to the dismutation, 
2a-ketoglutarate + NH; — succinate + CO, + L-glutamate, in the pres- 
ence of glutamic dehydrogenase. The assay system contains the following 
components (in micromoles): potassium phosphate buffer, pH 7.4, 100; 
DPN*, 0.15; CoA, 0.13; L-cysteine, 10; potassium a-ketoglutarate, 50; 
NH,Cl, 50; excess of crystalline glutamic dehydrogenase; and enzyme. 
Final volume, 2.0 ml.; temperature, 25°. The reaction is started by tipping 
in a-ketoglutarate from the side bulb of the Warburg vessels after tempera- 
ture equilibration. In the early work, 10 um of MgCl, and 0.25 um of 
diphosphothiamine were also added to the assay system. This practice 
was discontinued when it was found that these additions were unnecessary 
even with the purified enzyme. After freezing and thawing of the enzyme 
solution obtained from the 0-50 fraction by precipitation with ammonium 
sulfate at 30 per cent saturation (see below), the assay used is based on the 
rate of reduction of DPN* by a-ketoglutarate in the presence of catalytic 
amounts of CoA and an excess of succinyl CoA deacylase. Addition of 
this enzyme is not necessary until it is separated from the dehydrogenase 
by fractional elution from calcium phosphate gel. The system contains 
the following components (in micromoles): potassium phosphate buffer, 
pH 7.4, 100; DPN*, 0.27; CoA, 0.065; L-cysteine, 8.3; potassium a-keto- 
glutarate, 25; enzyme; and purified deacylase (calcium phosphate gel eluate 
at pH 7.4) with 0.52 mg. of protein when required. Final volume, 3.0 ml. 
The reaction is carried out in silica cells (d = 1.0 cm.) and is followed at 
the wave-length 340 my in the Beckman spectrophotometer. It is started 
by the addition of a-ketoglutarate. The temperature of the reaction mix- 
ture is maintained at 25-26° by circulating cold water through the cell 
compartment block. The initial rate of DPN*+ reduction is proportional 
to the concentration of dehydrogenase within fairly wide limits. This is 
shown in Fig. 1, Curve 1. 1 unit is defined in all cases as the amount of 
enzyme catalyzing the oxidation of 1.0 um of a-ketoglutarate per minute. 
The molecular extinction coefficient of DPNH at 340 mu is taken as 6.22 
X 10° (cm.? per mole) (10). 

The P enzyme assay is based on the rate of formation of hydroxamic acid 
from succinate, ATP, and catalytic amounts of CoA, in the presence of 
hydroxylamine. As is the case with acetyl CoA (11), hydroxylamine re- 
acts with succinyl CoA to yield the corresponding hydroxamic acid and 
CoA-SH. Hydroxamic acid is determined dy the method of Lipmann and 
Tuttle (12). The assay system contains the following components (in 
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micromoles): Tris buffer, pH 7.4, 100; succinate, 100; ATP, 10; CoA, 
0.13; GSH, 20; MgCle, 10; neutralized hydroxylamine hydrochloride, 1000. 
Final volume, 2.0 ml. The reaction is started by adding enzyme and is 
allowed to proceed for 30 minutes at 37°; it is stopped by the addition 
of 3.0 ml. of a freshly prepared solution containing equal volumes of 5 per 
cent ferric chloride, 3.0 N hydrochloric acid, and 12 per cent trichloroacetic 
acid. The precipitated protein is removed by centrifugation and the opti- 
cal density of the supernatant solution determined in a Klett photoelectric 
colorimeter (filter No. 54). A standard curve was obtained with suc- 
cinohydroxamic acid prepared from succinic anhydride. Under the con- 
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Fic. 1. Rate of DPNt reduction (Curve 1) and hydroxamic acid formation (Curve 
2) as a function of the concentration of a-ketoglutaric dehydrogenase and P enzyme. 
Enzyme assays described in the text. Curve 1 was obtained with dehydrogenase of 
specific activity (units per mg. of protein) 0.42; Curve 2, with an acetone fraction of 
P enzyme, specific activity 0.4 (see Tables I and IT). 


ditions of the assay the rate of formation of hydroxamic acid is proportional 
to the concentration of P enzyme over a 5- to 6-fold range of enzyme dilu- 
tions (Fig. 1, Curve 2). 1 unit is defined as the amount of enzyme catalyz- 
ing the formation of 1.0 um of hydroxamic acid in 30 minutes. 

Protein is determined spectrophotometrically by measuring the absorp- 
tion of light at wave-lengths 280 and 260 my with a correction for the nucleic 
acid content from the data given by Warburg and Christian (13). 

Extraction—Pig hearts, removed immediately after death, are packed 
in ice. They can be used either fresh or after variable periods of frozen 
storage. All operations are performed at about 0° unless otherwise in- 
dicated. The hearts are trimmed of fat and connective tissue and ground 
in an electric mincer. The minced tissue is washed with cold tap water 
until the washings are almost colorless. The water is squeezed out through 
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cheese-cloth and the residue is extracted in a Waring blendor with an equal 
volume of 0.05 m potassium phosphate buffer, pH 7.4, made 0.2 m with re- 
spect to potassium chloride. After 5 minutes, another 2 volumes of the 
buffer-KCl solution are added and the blending is continued for a further 15 
minutes. The mixture is centrifuged at 18,000 X g for 45 minutes and the 
sediment is discarded. 

First Ammonium Sulfate Fractionation—The extract is brought to 50 per 
cent saturation with solid ammonium sulfate. The salt is added slowly 
with mechanical stirring. Stirring is continued for 30 minutes and the 
mixture is then centrifuged at 18,000 X g for 30 minutes. Gravity filtra- 
tion through fluted filter paper (Reeve Angel No. 802) may be substituted 
for centrifugation. The precipitate is taken up in 0.033 m potassium phos- 
phate buffer, pH 7.4, and the solution is dialyzed overnight against a large 
excess of the same buffer. Prior to the dialysis, iodoacetate is usually 
added to the enzyme solution to a final concentration of 0.001 m. 

Second Ammonium Sulfate Fractionation—After removing insoluble mat- 
ter by centrifugation, the dialyzed solution from the previous step, con- 
taining 20 to 30 mg. of protein per ml., is diluted with water to a protein 
concentration of 10 mg. per ml. The fractionation is conducted as before 
except that the pH of the mixture is maintained close to 7.4 by the dropwise 
addition of 1.0 N KOH when necessary. The solution is brought to 30 per 
cent saturation with solid ammonium sulfate. The mixture is centrifuged 
at 18,000 X g for 20 minutes and the precipitate dissolved in 0.033 m 
potassium phosphate buffer, pH 7.4 (0-30 fraction). Solid ammonium 
sulfate is added to the supernatant fluid to give 42 per cent saturation 
and the precipitate is discarded. The supernatant solution is brought to 
70 per cent saturation with ammonium sulfate; the precipitate is collected 
by centrifugation and dissolved in potassium phosphate buffer as above 
(42-70 fraction). The 0-30 and 42-70 fractions are dialyzed overnight 
against 0.033 m potassium phosphate buffer, pH 7.4. 

Purification of Dehydrogenase and Deacylase—The 0-30 ammonium sul- 
fate fraction, which contains both the dehydrogenase and deacylase ac- 
tivities, is usually kept frozen, at least for several days, before further frac- 
tionation. On thawing, a bulky precipitate of inactive protein is removed 
by centrifugation and discarded. If the protein so removed amounts to 
50 per cent or more of the protein originally present in the fraction, the 
ethanol fractionation described below can be omitted. 

Ethanol Fractionation—The ice-cold, clear enzyme solution is diluted 
with 0.033 m potassium phosphate buffer, pH 7.4, to a protein concentra- 
tion of 10 mg. per ml. Ethanol, chilled to —30°, is added dropwise with 
mechanical stirring to a concentration of 10 per cent by volume; the tem- 
perature is allowed to drop to —4°. The precipitate is removed by cen- 
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trifugation at —4° and discarded. The supernatant solution is gradually 
brought to —7° and ethanol is added as above to a final concentration of 
20 per cent by volume. The precipitate is collected by centrifugation at 
—7°, dissolved in 0.033 m potassium phosphate buffer, pH 7.4, and dialyzed 
against the same buffer to remove ethanol. 

Adsorption on Calcium Phosphate Gel—The solution from the preceding 
step is adjusted, if required, to a protein concentration of 10 to 15 mg. 
per ml. with the 0.033 m phosphate buffer. 0.1 volume of calcium phos- 
phate gel is added and the mixture is stirred for 10 minutes. The gel is 
removed by centrifugation and discarded. 0.3 volume of calcium phos- 
phate gel is added to the supernatant solution. After stirring for 10 min- 
utes the mixture is centrifuged and the supernatant solution, which is 
free of dehydrogenase, is discarded. 


TABLE I 
Purification of a-Ketoglutaric Dehydrogenase 
2140 gm. of pig heart. 


| | ‘titers 





. | Specific | »- 
Step | Volume nice Protein antivity | Yield 
| units 
ml. mg. per mg. | per cent 
protein 

MCU ee te en MERLE ie oo 5200 | 265 88,000 | 0.003 100 
1st ammonium sulfate fractionation (0-50).| 890 | 215 | 16,550 0.013 81 
2nd * es (0-30). 196 165 7,850 , 0.021 62 
Ethanol fractionation (10-20).............. 172 82 1,860 | 0.044 31 
Calcium phosphate gel eluate, pH 8.0..... 60 45 108 | 0.42 17 





Fractional Elution—The gel is eluted first by stirring for 10 minutes 
with a volume of 0.1 mM potassium phosphate buffer, pH 7.4, equal to the 
original volume of enzyme solution. The deacylase is eluted in this frae- 
tion free of dehydrogenase. After washing the gel once more with the 
same volume of 0.1 m buffer, pH 7.4, it is eluted as above with 0.2 m potas- 
sium phosphate buffer, pH 8.0. This eluate contains the dehydrogenase 
with traces of deacylase. By repeating the adsorption step once or twice 
the dehydrogenase can be obtained completely free of deacylase. The 
preparation is free of lactic dehydrogenase. An outline of the purification 
of the dehydrogenase is given in Table I. The over-all purification from 
the initial extract is about 140-fold. 

Purification of P Enzyme—The P enzyme is present in the 42-70 am- 
monium sulfate fraction. The fraction is usually kept frozen until re- 
quired and, if necessary, it is clarified by centrifugation before further 
fractionation. 
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Acetone Fractionation—The clear 42-70 fraction is adjusted to a protein 
concentration of 10 mg. per ml. and made 0.067 m with respect to potas- 
sium phosphate buffer, pH 6.8. Cold acetone is then added to a concen- 
tration of 45 per cent by volume with mechanical stirring, the temperature 
being allowed ‘to drop to —5° to —6°. The acetone is added dropwise 
over a period of 20 to 30 minutes, and the stirring is continued for another 
15 minutes. The precipitate is removed by centrifugation at 600 X g 
and —5° for 20 minutes and discarded. The cloudy supernatant solution 
is brought to 57 per cent acetone by volume at —9° to —10° and, after 
centrifugation at the same temperature, the precipitate is dissolved in 
0.017 mM potassium phosphate buffer, pH 7.4. The solution is dialyzed 
overnight against the same buffer. 

Adsorption on Alumina Gel—The solution from the previous step is ad- 
justed to a protein concentration of 10 mg. per ml. with the 0.017 m phos- 
phate buffer and kept at 50° for 6 minutes. After cooling, the precipitate 
is removed by centrifugation at 10,000 X g for 10 minutes. After adjust- 
ing the pH of the clear supernatant fluid to 5.7 with 1.0 N acetic acid and 
removing the precipitate by centrifugation (5 minutes at 18,000 X 4g), 
the pH is brought to 6.5 with 1.0 m potassium bicarbonate. It is neces- 
sary to work rapidly at this stage because the enzyme is labile at pH 5.7. 
Alumina gel Cy (dry weight, 13 mg. per ml.) is added to make 30 per cent 
by volume and the mixture is stirred for 10 minutes at 0°. The gel is 
separated by centrifugation and washed once with a volume of 0.1 m 
potassium phosphate buffer, pH 7.4, equal to that of the solution before 
addition of the alumina gel. This eluate is discarded. The P enzyme is 
eluted by stirring at room temperature for 20 minutes with 1 volume of 
0.2 m potassium phosphate buffer, pH 8.0, as above. The eluate is di- 
alyzed almost free of phosphate against 0.05 m potassium chloride. Re- 
moval of phosphate is important because it inhibits the activity of the P 


enzyme as determined by the hydroxamic acid assay. Occasionally, it has 


been necessary to concentrate the enzyme preparation. This is done by 
precipitation with ammonium sulfate at 85 per cent saturation. An out- 
line of the purification of the P enzyme is given in Table II. The purifi- 
cation so far obtained is 80- to 100-fold over the initial extract. The 
preparation shows no activity when acetate is substituted for succinate in 
the standard assay. It is free of ATPase and inorganic pyrophosphatase 
but is still contaminated with myokinase and some other enzymes. 


Activity of Purified Enzymes 


Evidence for Reactions 1, 3, and 5 is given in Figs. 2 and 3. The re- 
actions were followed by measuring the reduction of DPN*+ by a-keto- 
glutarate. 
be) 
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Dehydrogenase—Fig. 2, B gives evidence for Reaction 1. In these ex- 
periments, in which DPNt and CoA were used in approximately equi- 
molecular amounts, no enzyme other than dehydrogenase is required for 
reaction. Curves 1 and 2 were obtained, respectively, with 0.017 and 
0.064 mg. of dehydrogenase. The last addition (indicated by the arrow) 
was CoA in Curve 1 and dehydrogenase in Curve 2. Formation of suc- 
cinyl CoA, under these conditions, is indicated by the disappearance of 
sulfhydryl groups. A typical experiment is illustrated in Table III. If 
deacylase is added after some of the SH has disappeared on preliminary 
incubation of a-ketoglutarate, CoA, DPN+*, and dehydrogenase, SH re- 
appears again (Table III). This is evidence for Reaction 2. After ac- 
cumulating succinyl CoA through the dehydrogenase reaction, the thio 


TaB.LeE IT 
Purification of P Enzyme 
2200 gm. of pig heart (frozen). 





Step Volume = Protein | = Yield 
units 
ml. | | még. | per mg. | per cent 
| protein 
LD a RAS ie GAA Pee A, et PO 6000 1410 | 47,500 | 0.030 100 


lst ammonium sulfate fractionation (0-50).;| 990 | 1060 | 20,000 0.053 75 
2nd ‘ec 6c “cc | 


Re Ne aoe ET dh | 181 | 1242 | 4,980/ 0.25 | 88 
Acetone fractionation (45-57).............. 110 | 520 | 946 | 0.55 37 


Alumina gel eluate, pH 8.0................ | 154 | 370 150 | 2.5 26 








ester could be isolated from the reaction mixture by adsorption on char- 
coal and elution with aqueous pyridine (cf. (6)). 

Coupling of Dehydrogenase and Deacylase—When CoA is used in cat- 
alytic amounts (0.006 uM), there is no measurable reaction with dehydro- 
genase as the only enzyme. Fig. 2, A illustrates the effect of deacylase 
and gives evidence for the occurrence of the coupling represented by Re- 
action 3. Curves 1, 2, and 3 and 4 were obtained, respectively, with 
0.017, 0.043, and 0.086 mg. of dehydrogenase. There is no appreciable 
reaction in the absence of dehydrogenase, deacylase, CoA, or a-ketoglu- 
tarate. The last addition (indicated by the arrow) was dehydrogenase in 
Curves 1 and 2, deacylase in Curve 3, and CoA in Curve 4. In Fig. 2, 
C the last addition was a-ketoglutarate (Arrow 1). At Arrow 2, addition 
of pyruvate resulted in a rapid decrease of optical density. This is due 
to the presence of lactic dehydrogenase, with which the deacylase prepara- 
tion is slightly contaminated, and shows that DPNH is, indeed, formed 
during the dehydrogenation of a-ketoglutarate. 
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Coupling of Dehydrogenase and P Enzyme—Fig. 3, A and B, shows that, 
with catalytic amounts of CoA, the deacylase can be replaced by P en- 
zyme provided that ADP, orthophosphate, and Mg** are present. Also 
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Fig. 2. Optical tests with a-ketoglutaric dehydrogenase; effect of CoA and de- 
acylase. A, 100 um of potassium phosphate buffer, pH 7.4, 0.27 um of DPN*, 0.0065 
um of CoA, 8.3 um of L-cysteine, 25 um of a-ketoglutarate, purified succinyl CoA de- 
acylase (0.52 mg. of protein); purified a-ketoglutaric dehydrogenase added as fol- 
lows: Curve 1, 0.017 mg.; Curve 2, 0.043 mg.; Curves 3 and 4, 0.086 mg. Final volume 
made up with water to 3.0 ml. The last addition (indicated by the arrow) was de- 
hydrogenase in Curves 1 and 2, deacylase in Curve 3, and CoA (previously incubated 
with cysteine for 5 minutes) in Curve 4. B, asin A but without deacylase and with 
0.22 um of CoA. Curve 1, 0.017 mg.; Curve 2, 0.064 mg. of dehydrogenase protein. 
The last addition (indicated by the arrow) was CoA (previously incubated for 5 
minutes with 8.3 um of L-cysteine) in Curve 1 and dehydrogenase in Curve 2. C, as 
in A but with only 0.18 um of a-ketoglutarate. 0.172 mg. of dehydrogenase protein. 
The last addition (indicated by Arrow 1) was a-ketoglutarate. 10 um of pyruvate 
added at Arrow 2. This causes oxidation of DPNH through lactic dehydrogenase 
present as a contaminant of the deacylase preparation. Silica cells, d = 1.0 cm.; 
temperature, 25°. DPN* and CoA omitted from blank cell. 


is shown (Fig. 3, A, Curve 3) that AMP cannot replace ADP. These 
results are evidence for the occurrence of the coupling represented by 
Reaction 5. More direct evidence for Reaction 4 will be presented below. 


_ As will be seen later, addition of Mgt is required for activity of the puri- 


fied P enzyme. The slow rate of DPN* reduction in the experiment of 
Curve 2 (Fig. 3, B) is probably due to partial inactivation of the dehy- 
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Dehydrogenase—Fig. 2, B gives evidence for Reaction 1. In these ex- 
periments, in which DPN*+ and CoA were used in approximately equi- 
molecular amounts, no enzyme other than dehydrogenase is required for 
reaction. Curves 1 and 2 were obtained, respectively, with 0.017 and 
0.064 mg. of dehydrogenase. The last addition (indicated by the arrow) 
was CoA in Curve 1 and dehydrogenase in Curve 2. Formation of suc- 
cinyl CoA, under these conditions, is indicated by the disappearance of 
sulfhydryl groups. A typical experiment is illustrated in Table III. If 
deacylase is added after some of the SH has disappeared on preliminary 
incubation of a-ketoglutarate, CoA, DPN*+, and dehydrogenase, SH re- 
appears again (Table III). This is evidence for Reaction 2. After ac- 
cumulating succinyl CoA through the dehydrogenase reaction, the thio 


Tas_e II 
Purification of P Enzyme 
2200 gm. of pig heart (frozen). 


Nl | | ‘ 
Step Volume | Enzyme | Specific Yield 





units | Protein activity 
a | waits 
ml. | mg. | per mg. | per cent 
| | | protein 
REPO UN Sie sons irate lg bare ahem ais tbe oul Ue 6000 1410 | 47,500 | 0.030 100 


lst ammonium sulfate fractionation (0-50).| 990 | 1060 | 20,000 | 0.053 75 
2nd ‘cc cc “cc | | | 


ah, ON as 181 | 1242 | 4,980 | 0.25 | 88 
Acetone fractionation (45-57).............. 110 | 520 | 946 | 0.55 37 
Alumina gel eluate, pH 8.0................ | | 


' | 





154 370 150 | 2.5 26 





ester could be isolated from the reaction mixture by adsorption on char- 
coal and elution with aqueous pyridine (cf. (6)). 

Coupling of Dehydrogenase and Deacylase—When CoA is used in cat- 
alytic amounts (0.006 uM), there is no measurable reaction with dehydro- 
genase as the only enzyme. Fig. 2, A illustrates the effect of deacylase 
and gives evidence for the occurrence of the coupling represented by Re- 
action 3. Curves 1, 2, and 3 and 4 were obtained, respectively, with 
0.017, 0.043, and 0.086 mg. of dehydrogenase. There is no appreciable 
reaction in the absence of dehydrogenase, deacylase, CoA, or a-ketoglu- 
tarate. The last addition (indicated by the arrow) was dehydrogenase in 
Curves 1 and 2, deacylase in Curve 3, and CoA in Curve 4. In Fig. 2, 
C the last addition was a-ketoglutarate (Arrow 1). At Arrow 2, addition 
of pyruvate resulted in a rapid decrease of optical density. This is due 
to the presence of lactic dehydrogenase, with which the deacylase prepara- 
tion is slightly contaminated, and shows that DPNH is, indeed, formed 
during the dehydrogenation of a-ketoglutarate. 
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Coupling of Dehydrogenase and P Enzyme—Fig. 3, A and B, shows that, 
with catalytic amounts of CoA, the deacylase can be replaced by P en- 
zyme provided that ADP, orthophosphate, and Mg* are present. Also 
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Fig. 2. Optical tests with a-ketoglutaric dehydrogenase; effect of CoA and de- 
acylase. A, 100 um of potassium phosphate buffer, pH 7.4, 0.27 um of DPN*, 0.0065 
um of CoA, 8.3 um of L-cysteine, 25 um of a-ketoglutarate, purified succinyl CoA de- 
acylase (0.52 mg. of protein); purified a-ketoglutaric dehydrogenase added as fol- 
lows: Curve 1, 0.017 mg.; Curve 2, 0.043 mg.; Curves 3 and 4, 0.086 mg. Final volume 
made up with water to 3.0 ml. The last addition (indicated by the arrow) was de- 
hydrogenase in Curves 1 and 2, deacylase in Curve 3, and CoA (previously incubated 
with cysteine for 5 minutes) in Curve 4. B, asin A but without deacylase and with 
0.22 um of CoA. Curve 1, 0.017 mg.; Curve 2, 0.064 mg. of dehydrogenase protein. 
The last addition (indicated by the arrow) was CoA (previously incubated for 5 
minutes with 8.3 um of L-cysteine) in Curve 1 and dehydrogenase in Curve 2. C, as 
in A but with only 0.18 um of a-ketoglutarate. 0.172 mg. of dehydrogenase protein. 
The last addition (indicated by Arrow 1) was a-ketoglutarate. 10 um of pyruvate 
added at Arrow 2. This causes oxidation of DPNH through lactic dehydrogenase 
present as a contaminant of the deacylase preparation. Silica cells, d = 1.0 em.; 
temperature, 25°. DPN* and CoA omitted from blank cell. 


is shown (Fig. 3, A, Curve 3) that AMP cannot replace ADP. These 
results are evidence for the occurrence of the coupling represented by 
Reaction 5. More direct evidence for Reaction 4 will be presented below. 
As will be seen later, addition of Mgt is required for activity of the puri- 
fied P enzyme. The slow rate of DPN+ reduction in the experiment of 
Curve 2 (Fig. 3, B) is probably due to partial inactivation of the dehy- 
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drogenase and P enzyme through the extensive dialysis required to free 
these enzymes from orthophosphate. 

That the coupling of dehydrogenase and P enzyme brings about the 
esterification of orthophosphate during a-ketoglutarate oxidation can 
be readily shown in the presence of hexokinase and glucose (Table IV), 
Under these conditions the labile phosphate of ATP is trapped as glucose- 
6-phosphate. This phosphorylation is not affected by dinitrophenol. 
Experiment 4 of Table IV illustrates the need of P enzyme for the esteri- 
fication of phosphate and shows that the ratio of phosphate esterified to 
CO, evolved approaches 1.0, 7.e. is close to the theory required by Reac- 
tion 5. This is the consequence of extensive removal of deacylase which 
competes with the P enzyme for succinyl CoA. Hence, the P:CQ, ratio 


Taste III 
Formation and Hydrolysis of Succinyl CoA by a-Ketoglutaric Dehydrogenase and 
Succinyl CoA Deacylase 
The system contained initially 100 um of a-ketoglutarate (adjusted to pH 7.4), 
3.8 um of DPN?+, 1.4 um of CoA (72 per cent CoA-SH), and 15 uM of Versene. Purified 
a-ketoglutaric dehydrogenase (2.5 mg. of protein) and succinyl CoA deacylase (0.66 
mg. of protein) added as indicated. Final volume 3.35 ml.; gas, air; temperature, 26°. 


Incubation | SH 

uM z 
UR ROMUIING one oa. snsie tae PR RE SE er EAR yee Ee 1.01 
Baatinny PONG IGEN VAVODONABE 565 a6 562i oo cieie «b,c 0rd areapare eine ve eet aie 0.49 
Further 5 min. after adding deacylase..................2..0005 0.98 


is lower when crude enzyme preparations (containing deacylase) are used 
(cf. Experiments 1 and 2, Table IV). The dehydrogenase preparation 
used for Experiment 4 (only one calcium phosphate adsorption and elu- 
tion) was still contaminated with traces of deacylase. It is for this reason 
that the dismutation of a-ketoglutarate proceeded at all in the absence of 
P enzyme. 


Nature of Reaction Catalyzed by P Enzyme 


In the presence of P enzyme, ATP is dephosphorylated provided suc- 
cinate and CoA are present (cf. Reaction 4). When CoA is present in 
catalytic amounts as in the experiments of Tables V and VI, there is no 
measurable liberation of orthophosphate from ATP unless hydroxylamine 
or deacylase is added. In the former case succinyl CoA reacts with hy- 
droxylamine to form succinohydroxamie acid and CoA; in the latter case 
succinyl CoA is hydrolyzed to succinate and CoA (Reaction 2). 

In the presence of hydroxylamine (Table V) the ratio of phosphate liber- 
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ated to hydroxamic acid formed approaches unity with the purified P 
enzyme. It will also be noted that the reaction, and in particular the 
P-hydroxamic acid ratio, is not affected by fluoride. The significance of 
these facts will be discussed later. Experiment 3 (Table V) shows the 
requirements for the formation of hydroxamic acid with the purified P 
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Fria. 3. Optical tests with a-ketoglutarie dehydrogenase; coupling with P enzyme. 
A, the complete system contained 100 um of Tris buffer, pH 7.4, 21 um of potassium 
phosphate buffer, pH 7.4, 5.0 um of MgCle, 0.45 um of DPN*, 0.007 um of CoA, 8.3 um 
of L-cysteine, 25 um of a-ketoglutarate, 0.5 um of ADP, purified a-ketoglutarie de- 
hydrogenase containing 0.086 mg. of protein, and purified P enzyme with 0.59 mg. 
of protein. Final volume made up with water to 3.0 ml. The last addition (indi- 
cated by arrow) was P enzyme in Curve 1 and ADP in Curve 2. In Curve 3, AMP 
(0.5 um) was added first as shown by arrow; this resulted in no reaction. ADP was 
added later as indicated. B, as in A with the following exceptions: Curve 1, 10 um 
of a-ketoglutarate; Curve 2, no inorganic phosphate initially, 0.061 mg. of dehydro- 
genase, and 0.52 mg. of Penzyme protein. For this experiment (Curve 2) the enzyme 
solutions were dialyzed at 0° against 0.05 m KCI until free of orthophosphate. The 
last addition (shown by arrow) was MgCl. in Curve 1 and orthophosphate (2.0 um) 
in Curve 2. In this experiment there was a slow reduction of DPN*, prior to the 
addition of phosphate; it leveled off in 15 minutes (not shown in the figure) to give 
aA log Io/I = +0.034. This initial reduction of DPNt was probably caused by the 
presence of orthophosphate in the ADP preparation employed; the ADP was found 
to contain 10 per cent inorganic phosphate on a molar basis. Silica cells, d = 1.0 
cm.; temperature, 25°. DPN* and CoA omitted from blank cell. 


enzyme. There is no significant reaction in the absence of succinate, ATP, 
CoA, or magnesium ions. In the absence of hydroxylamine (Table VI), 
reaction takes place, with liberation of orthophosphate, only on addition 
of purified deacylase. 

The above results, as well as the data presented in Fig. 3 and Table IV, 
strongly support the occurrence of the reversible Reaction 4 as formulated. 
More direct evidence for Reaction 4 is given in Table VII. In Experi- 
ments 1 and 2 the reaction was studied in both directions with purified P 
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enzyme. The formation of succinyl CoA from succinate, ATP, and CoA 
is indicated by the disappearance of equimolecular amounts of SH and 
CoA and the formation of an equivalent amount of a compound which 
yields hydroxamic acid on treatment with hydroxylamine under the con- 
ditions of the Lipmann and Tuttle (12) method (Table VII, Experiment 
1). The disappearance of CoA was determined enzymatically by ar- 
senolysis of acetyl phosphate in the presence of phosphotransacetylase 


TaBLe IV 


Phosphorylation Coupled with a-Ketoglutarate Dismutation 
In Experiments 1 to 3 the samples contained the following components (in micro- 
moles): potassium phosphate buffer, pH 7.4, 40; MgCle, 5; MnCle, 5; diphosphothi- 
amine, 0.25; DPN*, 0.15; CoA, 0.07; a-ketoglutarate, 100; NH,Cl, 100; glucose, 60: 
KF, 80. Final volume, 2.0 ml. In Experiment 4 the samples contained (in micro- 
moles) Tris buffer, pH 7.4, 50; MgCle, 10; DPNt, 0.40; CoA, 0.20; a-ketoglutarate, 50: 
NH,Cl2, 200; glucose, 100; KF, 50. Orthophosphate was present in the heart enzyme 








solutions. Final volume, 2.5 ml. All samples contained, in addition, 3.0 um of ATP, 
10 uo of L-cysteine, and an excess of glutamic dehydrogenase and hexokinase. Other 
additions as indicated. Gas, nitrogen; temperature, 25°. 
eo al ae Mion | starts |, OP2, PTY co 
Fraction Protein time removed 
mg. min. uM uM uM 
1 | 0-50 (NH4)2SO, 52 30 Zt SG 0.45 
2 | (1) 030 (NH,).SO, 21 60 14 0 
| (II) 42-70 (NH4)2SO, 14 60 0 0 
| (I) + (II) 21 + 14 60 14 5 0.36 
3 0-50 (NH,4)2SO,4 34 40 34.8 4.6 
0-50 es “ | 34 40 34.5 4.6 
4 Purified dehydrogenase; 1.0 | 60 4.7 2.6} 0 
Dehydrogenase + puri-| 1.0 + 2.1) 60 8.6 3.6 | 2.7} 0.75 
fied P enzyme 





* 2,4-Dinitrophenol (1 X 10-4 m) added. 


(14). In the opposite direction (Table VII, Experiment 2), the cleavage 
of succinyl CoA, indicated by the appearance of SH, is paralleled by the 
disappearance of orthophosphate and the formation of an equivalent 
amount of glucose-6-phosphate, in the presence of hexokinase and glucose. 
This experiment provides direct proof that, in the presence of the P en- 
zyme, the energy of the thio ester bond of succinyl CoA is utilized to gen- 
erate the energy-rich phosphate bond of ATP. The experiment was 
carried out with a synthetic sample of succinyl CoA prepared by the recent 
method of Simon and Shemin (15). In the absence of hexokinase and 
glucose, there is also liberation of SH and phosphate uptake. The latter 
goes through a maximum (about half that recorded in Table VII) and 
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then phosphate begins to be released slowly. The phosphate liberation, 
under these conditions, is probably due to reversal of the reaction caused 
by slow hydrolysis of succinyl CoA. This hydrolysis is partly spontaneous 


TABLE V 
Succinate-ATP-CoA Reaction 


The complete system contained, besides enzymes as indicated, the following com- 
ponents (in micromoles) in a volume of 2.0 ml.: Experiment 1, Tris buffer, 100; 
succinate, 100; ATP, 20; CoA, 0.6; GSH, 20; MgCle, 10; neutralized hydroxylamine 
hydrochloride, 500. Experiments 2 and 3, Tris buffer, 100; succinate, 100; ATP, 
10; CoA, 0.18; GSH, 20; MgCls, 10; hydroxylamine, 1000. Values given in micro- 
moles. Experiments 2 and 3 were carried out with different preparations of P 
enzyme. 

















10.7| 7.7 | 1.4 


‘Incuba-| | 
aI A | | . Hydrox- | 
Experi- | tion | P lib- | -230t0*, | P:hydrox- 
ment No. Enzyme time | Components | erated ay jamic acid 
| (at 37°) | | | 
— |}— —_————_——_~+ ne | a | | oo 
mg. protein | min. | 


1 | 42-70 (NH,)2SO, 60 | Complete system 


fraction, 11.0 


| Complete system + | 9.5 5.9 1.6 
| 80 um KF 
2 Purified P en- 40 | Complete system LSabo |: Bs 1.16 
zyme, 1.4 | 
3 Purified P en- 30 a o | | 2.76 
zyme, 1.2 
| No succinate | | 0.10 
| ** ATP | | 0.14 
“ CoA | 0.10 
|“ Mgt | | 0.14 
TaBLe VI 


Coupling of P Enzyme with Succinyl CoA Deacylase 


Complete system as in the P enzyme assay except for the substitution of purified 
succinyl CoA deacylase for hydroxylamine. Purified P enzyme with 1.2 mg. of 
protein. Temperature, 25°. The slow liberation of orthophosphate in the absence 
of succinate is due to the presence of ATPase in the deacylase preparation. 


Orthophosphate liberated, um 


Experiment No. System Deacylase 
15 min. 30 min. | 60 min. 
mg. protein 
1 Complete 1.28 1.16 2.74 5.19 
No succinate 1.28 0.22 0.31 0.48 
‘* deacylase | 0.03 0.06 0.13 
2 Complete 0.16 1.72 
xh 0.32 2.40 
“ 0.64 3.03 
“¢ 1.28 3.50 
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and partly catalyzed by traces of deacylase contaminating the P enzyme 
preparation. 

Further proof of reversibility of Reaction 4 is the incorporation of P# 
into ATP on incubation with P enzyme, succinate, ATP, and CoA (Table 
VIII). 


TaBLe VII 
. Stoichiometry of P Enzyme Reaction 
Experiment 1—The system contained the following components (in micromoles): 
Tris buffer, pH 7.4, 100; MgCle, 10; succinate, 100; ATP, 20; CoA, 2.8 (60 per cent 
CoA-SH); and purified P enzyme with 3.7 mg. of protein. Final volume made up 
with water to 1.5 ml. Incubation in nitrogen; 30 minutes at 37°. The values are 
corrected for changes in a sample containing all the above components except suc- 
cinate. While changes in hydroxamic acid and SH were negligible, there was some 
CoA disappearance in the absence of succinate. This appears to be due to cleavage 
by some enzyme or enzymes contaminating the P enzyme preparation. 
Experiment 2—The system contained the following components (in micromoles): 
Tris buffer, pH 7.4, 200; MgCle, 10; succinyl CoA, 2.7; ADP, 2.0; orthophosphate, 
3.06; and P enzyme with 2.4 mg. of protein, in a volume of 1.7 ml. After incubation 
at 20° for 10 minutes, 240 um of glucose and 90 units of hexokinase were added (final 
volume, 2.19 ml.) and the incubation was continued for 10 more minutes. A con- 
trol with 2.7 um of CoA, instead of succinyl CoA, gave the following results: A SH, 
—0.11; AP, —0.11; A glucose-6-phosphate, +0.31. A control in the absence of phos- 
phate acceptors (7.e., ADP, hexokinase, and glucose) gave A SH, +0.34; this is prob- 
ably due to contamination of the P enzyme with traces of succinyl CoA deacylase. 
The values given are corrected for these controls. 
The P enzyme was an eluate from alumina gel concentrated by precipitation with 
ammonium sulfate. All values are given in micromoles. 


. zlucose- 
Experi- sat A hydroxa- | Ag 
SRA PENG. Initial reactants waieacid ACoA ASH AP pe so 
1 Succinate + ATP + CoA +0.62 | —0.70 | —0.63 


2 Succinyl CoA + ADP + P +1.19 —0.84 | +0.83 








The reaction between succinate, ATP, and CoA is not only catalyzed 
by an enzyme distinct from that concerned with the analogous reaction 
between acetate, ATP, and CoA (11), but its mechanism is different. As 
recently shown by Lipmann et al. (16) the acetate reaction results in the 
reversible formation of acetyl CoA, AMP, and PP (Reaction 6). Thus, 
this reaction cannot utilize the bond energy of acetyl CoA for the esterifi- 
cation of orthophosphate. 


(6) Acetyl-S-CoA + AMP + PP 5 acetate + CoA-SH + ATP 


Involvement of AMP and PP in the P enzyme reaction is excluded by 
the data already presented. The pertinent facts may be recapitulated as 
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follows: (a2) ADP cannot be replaced by AMP in the coupling of a-keto- 
glutaric dehydrogenase and P enzyme (Fig. 3, A, Curve 3). (b) With 
purified P enzyme, the reaction between succinate, ATP, and catalytic 
amounts of CoA, in the presence of hydroxylamine, leads to the production 
of equimolecular amounts of orthophosphate and hydroxamic acid (Table 
V, Experiment 2). (c) With the 42-70 ammonium sulfate fraction which, 
unlike the purified P enzyme, contains inorganic pyrophosphatase, con- 


TaBLeE VIII 
Incorporation of P?? into ATP with P Enzyme 
The complete system contained the following components (in micromoles): Tris 
buffer, pH 7.4, 100; MgCle, 10; succinate, 100; and CoA, 2. In addition (in micro- 
moles), in Experiment 1, reduced glutathione, 20; labeled orthophosphate, 6.5; 
ATP, 20; and enzyme (42-70 (NH,4)2SO, fraction) with 33 mg. of protein; in Experi- 
ments 2a and 2b, reduced glutathione, 10; either (Experiment 2a) labeled orthophos- 
phate, 33.6, or (Experiment 2b) unlabeled orthophosphate, 33.6, and labeled pyro- 
phosphate, 5; ATP, 10; and enzyme (45-57 acetone fraction) with 13 mg. of protein. 


Final volume, Experiment 1, 1.6 ml.; Experiments 2a and 2b, 2.0 ml. 


air; 30 minutes at 38°. 


| | 


Compounds isolated at end of incubation 


Orthophosphate 





Pyrophosphate 


Incubation in 





| 
Experi- | ahd 
ment System 
No. | | : 
| | | | | Spe- 
| Specific Specific | cific 
| | activity | \activity | acti- 
| | | vity 
| uM c.p.m. pe see) | uM c.p.m. | pe uM c.p.m pe ae 
1 | Complete 17.3 712,700 | 41,300 | 7.8 16,500 | 2120 
No CoA 5.25 668,000 127,000 | 8.85 1,820 206 
2a | Complete 40.8 | 59,000. 1,440 ' | 6.1 | 1,600 | 262 
No succinate 40.8 | 56,000 1,370 v7 3 0 0 
2b | Complete 36.0 21,000 583 2.7 20,000 7400 7.7 960 | 125 


centrations of fluoride which completely inhibit the latter enzyme have 
little effect on the reaction and do not modify the P-hydroxamic acid ratio 
(Table V, Experiment 1). Thus, the orthophosphate liberated cannot 
arise by release from PP through the action of pyrophosphatase. (d) 
The P enzyme catalyzes the incorporation of orthophosphate (P*) into 
ATP, in the presence of succinate, ATP, and CoA (Table VIIT). 
Experiment 2b (Table VIII) reinforces the evidence that PP is not in- 
volved. In this experiment radioactive PP (P*”P**) and unlabeled ortho- 
phosphate were incubated with P enzyme (pig heart acetone fraction con- 
taining pyrophosphatase), in the presence of succinate, ATP, and CoA. 
Experiment 2b was carried out in the absence of fluoride. Comparison 
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of the specific radioactivities of P, PP, and ATP suggests that the rela- 
tively small incorporation of PP phosphorus into ATP occurred secondarily 
following hydrolysis by pyrophosphatase. 

The detailed mechanism of the acetate-ATP-CoA and the succinate- 
ATP-CoA reactions is still obscure. Lynen et al. (17) have considered the 
possibility that the SH group of CoA might act as a phosphate acceptor to 
form a CoA-S-P derivative as intermediate. This compound would be 
formed by reaction between ATP and CoA-SH, or by phosphorolysis of 
the acyl-S-CoA in the opposite direction. Thus far we have not succeeded 
in establishing the formation of an intermediate product in the succinate- 
ATP-CoA reaction or in resolving the P enzyme into separate enzymatic 
components. 


DISCUSSION 


It is not unexpected that the enzymatic oxidation of a-ketoglutarate 
and pyruvate should follow identical patterns. In both cases part of the 
oxidation energy is temporarily stored in the thio ester bond of the cor- 
responding acyl-S-CoA derivative. In the case of acetyl-S-CoA its bond 
energy is utilized for citrate synthesis in a reaction catalyzed by the con- 
densing enzyme (18), or for other syntheses. The formation of citrate is 
necessary for complete oxidation of the acetyl residue via the tricarboxylic 
acid cycle. In the case of succinyl-S-CoA the energy of the thio ester 
linkage may be utilized to generate a phosphate bond in a reaction medi- 
ated by the P enzyme, and the succinate thus liberated can enter the Krebs 
cycle. 

The work presented in this paper elucidates the over-all mechanism of 
the only phosphorylation occurring “at the substrate level” (1, 2) during 
the operation of the tricarboxylic acid cycle. The mechanism of the di- 
nitrophenol-sensitive phosphorylations associated with the transfer of hy- 
drogens from reduced pyridine nucleotides to molecular oxygen, which is 
still unknown, might involve a similar pattern. 

The a-ketoglutarate oxidation system referred to in this paper as a-keto- 
glutaric dehydrogenase, 7.e. the system catalyzing the over-all Reaction 1, 
has so far been purified as a unit independently in two laboratories. This 
unit contains diphosphothiamine and a-lipoic acid (9). Nevertheless, in 
analogy with the pyruvate oxidation system (4), the a-ketoglutaric de- 
hydrogenase unit probably consists of two or more individual enzymes. 
In fact Gunsalus and his coworkers? have recently succeeded in resolving 
the a-ketoglutaric dehydrogenase of Escherichia coli (Crookes strain) into 
two enzymatic components similar to the pyruvate oxidation Fractions 


2 Unpublished experiments. We are indebted to Dr. I. C. Gunsalus for this in 
formation. 
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A and B previously obtained in this laboratory (4). The two components 
are required for reduction of DPN* by a-ketoglutarate in the presence 
of CoA. 

It appears at first sight surprising that the mechanisms of the analogous 
acetate-ATP-CoA and succinate-ATP-CoA reactions should not be iden- 
tical. The formation of AMP and PP (rather than ADP and P) in the 
acetate reaction may serve the purpose of shifting it in the direction of 
acetyl-S-CoA synthesis. This would be readily accomplished by hydroly- 
sis of PP through the widely distributed pyrophosphatase. Progress of 
the reaction in the opposite direction, 7.e. in the direction of acetyl-S-CoA 
cleavage, would yield free acetate which, unlike succinate, is metabolically 
inert. 


Methods 


CO, evolution was determined as the sum of CO, evolved during in- 
cubation plus that liberated at the end by acidification of the reaction 
mixtures. In preliminary experiments (3,,8) succinic acid was deter- 
mined manometrically with succinoxidase essentially after Krebs and 
Eggleston (19), after extraction from the acidified reaction mixture with 
ether. The succinoxidase was a phosphate homogenate of thoroughly 
washed minced pig heart. Aliquots of the acidified reaction mixture were 
neutralized to pH 5.0 and used for determination of L-glutamate. This 
was determined manometrically by enzymatic decarboxylation with a 10 
per cent suspension of lyophilized FZ. coli (strain 4157) cells in 0.2 m ace- 
tate buffer, pH 5.0. 

a-Ketoglutarate was determined by the method of Friedemann and 
Haugen (20) and orthophosphate by the procedure of Fiske and Subba- 
row (21) as modified by Lohmann and Jendrassik (22) in trichloroacetic 
acid filtrates. Sulfhydryl was determined by the method of Grunert and 
Phillips (23) with L-cysteine as standard, as previously described (24). 

For Experiment 1 of Table VII, CoA was determined enzymatically 
with phosphotransacetylase (14) which has no action on succinyl CoA; 
acetyl CoA was used as an absolute CoA standard.’ The phosphotrans- 
acetylase was partially purified from Streptococcus haemolyticus. We are 
indebted to Dr. S. R. Korey for this preparation. The acetyl-S-CoA, 
the preparation of which is outlined below, was standardized through its 
conversion to citrate in the presence of oxalacetate and crystalline con- 
densing enzyme (18). For the CoA determination the standard acetyl 
CoA was previously incubated for 25 minutes at 25° with 0.05 m potassium 
arsenate, pH 7.4, and 0.003 m Versene. Versene was added to prevent 
any metal-catalyzed oxidation of CoA-SH during this period. 8 um of 


’ The use of acetyl CoA for this purpose was suggested to us by Dr. E. R. Stadtman. 
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acetyl phosphate were then added to the standard and unknown solutions 
(which also contained Versene) and the rate of arsenolysis of acetyl phos- 
phate, on incubation for a further 10 minutes at 25°, was determined. The 
arsenolysis rate is proportional to the concentration of CoA-SH (14), 
Acetyl phosphate was determined as hydroxamic acid by the Lipmann 
and Tuttle method (12). 

Glucose-6-phosphate was determined enzymatically with glucose-6-phos- 
phate dehydrogenase by measuring the reduction of TPN* in the Beckman 
spectrophotometer. ‘The reaction mixture was deproteinized by heating 
and the supernatant fluid used for analysis. The glucose phosphate de- 
hydrogenase was a partially purified yeast preparation obtained from the 
Sigma Chemical Company. Since this enzyme was contaminated with 
hexokinase and myokinase, the unknown solutions were first incubated 
with the enzyme and a large excess of mannose prior to adding TPN*, 
This removed all the labile phosphate of ATP and ADP, by forming man- 
nose-6-phosphate, and eliminated their interference with -the subsequent 
determination of the glucose-6-phosphate in the presence of glucose and 
hexokinase. Separate controls demonstrated that, under the above con- 
ditions, glucose-6-phosphate could be determined with an error not exceed- 
ing 1 per cent. 

All radioactivity determinations were made with a windowless flow 
counter. In Experiment 1 of Table VIII, ATP and orthophosphate were 
separated according to Cohn and Carter (25) on a Dowex 1 column. In 
Experiments 2a and 2b of Table VIII, ATP and PP were separated from 
orthophosphate by chromatography on a Dowex 1 column; ATP was then 
separated from PP by adsorption on charcoal according to an unpublished 
method of R. K. Crane.4| ATP was determined by light absorption at 
the wave-length 260 my; PP was determined as orthophosphate after acid 
hydrolysis. 

Preparations—a-Ketoglutaric acid was obtained commercially (Nutri- 
tional Biochemicals) and recrystallized twice from a mixture of acetone, 
benzene, and petroleum ether. Acetyl phosphate, synthesized by the 
method of Stadtman and Lipmann (26), was provided by Dr. M. J. Coon. 
DPNt and TPN* of about 90 per cent purity were purchased from the 
Sigma Chemical Company. ATP (as the disodium salt) of about 98 
per cent purity and CoA were obtained from the Pabst Laboratories.’ 
The CoA, of an average purity of 70 per cent, is prepared from yeast es- 
sentially by the method of Beinert et al. (27). The percentage of reduced 
CoA (CoA-SH) varies from batch to batch; the preparations contain some 
glutathione as an impurity. 


4 Personal communication. We are indebted to Dr. Crane for this information, 
5 We are indebted to Dr. A. Frieden, the Pabst Laboratories, Milwaukee, Wis- 
consin, for the gift of a sample of CoA. 
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H;P”O, was obtained from the Oak Ridge National Laboratory. 
Radioactive pyrophosphate (P®P*) was obtained by dehydration of 
NazHP#O, according to the procedure of Kornberg and Pricer (28). After 
chromatography on a Dowex 1 column, the PP was precipitated with 
MnCl; and the manganous salt decomposed with H,S. 

Acetyl-S-CoA was prepared synthetically by the method of Simon and 
Shemin (15) for the synthesis of succinyl-S-CoA. A 30 per cent molar 
excess of acetic anhydride (as determined by the hydroxamic reaction for 
acetic anhydride and SH estimation for CoA) in peroxide-free dioxane 
was added to an aqueous solution of CoA made 0.1 m with respect to po- 
tassium bicarbonate. After 4 minutes at 0°, over 90 per cent of the SH 
had disappeared. As assayed with condensing enzyme 65 per cent of the 
disappearing SH had reacted to form biologically active acetyl-S-CoA. 

Calcium phosphate gel, prepared by the method of Keilin and Hartree 
(29), was used after variable periods of aging in the dark. Alumina gel 
Cy was prepared as described by Bauer (30). Crystalline t-glutamic 
dehydrogenase was kindly supplied by Dr. H. J. Strecker. 


SUMMARY 


The isolation and purification from pig heart of the enzymes catalyzing 
the oxidative decarboxylation of a-ketoglutarate and the coupled esterifi- 
cation of phosphate are described. 

In analogy with pyruvate oxidation, the a-ketoglutaric dehydrogenase 
system catalyzes the reaction of a-ketoglutarate with coenzyme A and 
diphosphopyridine nucleotide to succinyl coenzyme A, carbon dioxide, and 
reduced diphosphopyridine nucleotide. The phosphorylating enzyme 
catalyzes the reaction of succinyl coenzyme A with adenosinediphosphate 
and orthophosphate to succinate, coenzyme A, and adenosinetriphos- 
phate. This reaction, which is readily reversible, requires magnesium 
ions. 

It remains an open question whether the a-ketoglutaric dehydrogenase 
system (a-ketoglutaric dehydrogenase) and the phosphorylating enzyme 
are single enzymes or enzyme units each consisting of two or more en- 
zymes. In the case of a-ketoglutaric dehydrogenase the latter possibility 
is considered more likely. 


We are much indebted to Mr. Morton C. Schneider for assistance in the 
preparation of the enzymes. 
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THE METABOLISM OF C"-LABELED p-GLUCURONIC ACID IN 
THE GUINEA PIG AND THE ALBINO RAT* 


By J. F. DOUGLASt anp C. G. KING 
(From the Department of Chemistry, Columbia University, New York, New York) 


(Received for publication, December 31, 1952) 


Previous studies have shown that glucuronic acid can be extensively 
metabolized to carbon dioxide in normal and borneol-fed guinea pigs (1). 
It was also demonstrated that a small fraction of the C' from exogenous 
glucuronic acid could be converted to urinary glucuronides. 

In the present investigation, by means of complete degradation of the 
urinary glucuronide, it was found that glucuronic acid is at least partially 
cleaved to one or more 3-carbon fragments. The problem was studied by 
examining the end-products of glucurone-6-C" in borneol-fed guinea pigs. 
The data indicate that, under the conditions of the test, exogenous glu- 
curonic acid was not utilized in appreciable quantities for direct conjuga- 
tion, but was metabolized largely to respiratory carbon dioxide. 

One of the intermediate 3-carbon fragments (derived from the first 3 
carbons of glucurone) reappeared in the urinary glucuronide in higher 
conversion yield than the other (carbons 4, 5, and 6 of glucurone). 

The metabolism of uniformly labeled glucuronic acid in the albino rat 
was also studied. The data show that the intraperitoneally administered 
compound was rapidly and extensively converted to carbon dioxide. 46 per 
cent of the initial dose was recovered in the respiratory carbon dioxide within 
24 hours, and the urine contained approximately an equal amount of C*. 
Only small amounts of radiocarbon were fixed in tissues other than the 
liver. 


EXPERIMENTAL 


The procedures followed for the treatment of guinea pigs (1) and rats (2) 
and for the isolation, measurement, and degradation of zine bornyl] glu- 
curonidate (3) have been given in earlier publications. 

Glucurone-6-C", specific activity as BaCO3 2.45 X 10° c.p.m. per mg., was 
supplied through the courtesy of Dr. John C. Sowden of Washington Uni- 
versity. The absence of radioactive impurities in the glucurone was es- 


* This investigation was supported by grants from the Nutrition Foundation, 
Inc., and the Division of Research Grants and Fellowships, National Institutes of 
Health, United States Public Health Service. 

+ Present address, Johnson and Johnson, Research Center, New Brunswick, New 
Jersey. 
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tablished by recrystallization, with carrier, without change in the calculated 
specific activity. 

Glycogen was hydrolyzed to glucose by refluxing with 1 n H.SO, for 90 
minutes (4). After removing the sulfate with saturated barium hydroxide, 
the solution was filtered and dimedon formaldehyde, representing carbon 6, 
was obtained from the glucose solution after a periodic acid cleavage by the 
method of Reeves (5). Recrystallized dimedon formaldehyde was charac- 
terized by its melting point, 189-190°, and mixed melting point, 189-190°, 
with a known sample of dimedon formaldehyde (m.p. 190-191°). Several 
recrystallizations did not change the specific activity. 


TaBLeE [ 


Distribution of C'4 in Glucuronic Acid Isolated As Zine Bornyl Glucuronide from 24 
Hour Urine Samples from Borneol-Fed Guinea Pigs after Intraperitoneal 
Administration of Uniformly Labeled p-Glucurone C'4 

Per cent total C™ in fractions obtained by degradation of glucuronic acid 
Guinea pig No. i— tests: 





Co | Cys | C25 | Cas Ci2 | Ce56 | CQ | C2 | Cs | Cs | Cs | Ce 
a.) | ed ae a | | 
F-4* | 11.8 | | | | | aa 
F-8t | | | 39.2 | 33.7) | | bine 
F-19f | | | | 41.8 | 36.4 | | | | 
F-9} | 88.9 | 34.8 | 32.8 | | | 
F-l0t | | 82.0 | 34.3 | 31.4 | - | | 

Pr Le a LIER =a zs = ed 
Average approximate values.................3...... | 21 | 20 | 22 | 11 | 12 | 12 


* See Douglas and King (1). 
{ Guinea pigs F-8, F-9, and F-10 were given 20 mg. of glucurone, 3.86 X 10° c.p.m. 
t Given 18.7 mg. of glucurone, 3.61 X 10° c.p.m. 





RESULTS AND DISCUSSION 


Zine bornyl glucuronidate (ZBG), isolated after injection of uniformly 
labeled glucurone, was degraded by a slight modification (3) of the method 
reported by Eisenberg and Gurin (6). Carbons 4, 5, and 6 of the biosyn- 
thetic glucuronide contained 35 per cent of the total activity of the mole- 
cule, an average of about 12 per cent per carbon atom (Table I). This 
result is in good agreement with the data previously published (1), in which 
11.8 per cent of the C“ of the glucuronide was found to be in position 6. 
If a uniformly labeled 3-carbon fragment had served as a partial precursor 
of the first 3 carbons in the glucuronide, carbons 1, 2, and 3 would contain 
approximately 21 per cent each. Fractions derived from carbons 1 and 6, 
2 and 5, and 3 and 4 should then each have approximately 33 per cent of 
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the totai activity and a fraction containing carbons 1 and 2 should have 42 
per cent of the molecule’s C. Table I shows that this was found to be the 
case. 

The degradation data from the glucuronic acid indicate that the injected 
compound is at least partially converted to 3-carbon fragments which 
are utilized in forming the endogenous borny]l derivative. These reactions, 
resulting in dilution of carbons 4, 5, and 6, are consistent with the respira- 
tory CO, findings which demonstrated that the guinea pig is well supplied 
with enzymes capable of rapidly oxidizing glucuronic acid to CO». 

The formation of labeled glucuronide that is less symmetrical than the 
glucurone administered can be explained by several possible pathways. 
Breakdown of a large proportion of the glucurone to two 3-carbon frag- 
ments probably would result in carbons 1, 2, and 3 appearing in dihydroxy- 
acetone phosphate (DHAP). Carbons 4, 5, and 6 could then be oxidized 
chiefly to carbon dioxide, while the DHAP is converted to a 6-carbon com- 
pound (probably a phosphate) by recombination with 3-phosphoglyceral- 
dehyde from the body pool under the action of aldolase. The enzyme, 
isomerase, would then convert a portion of the labeled DHAP to 3-phos- 
phoglyceraldehyde. If the action of aldolase were twice that of isomerase 
under the experimental conditions, then a “hexose” would be formed with 
the kind of labeling found in the endogenous glucuronic acid. A direct 
conversion of the ‘“‘hexose”’ to glucuronic acid would then account for the 
C™ distribution found. 

Glucose, which has been shown to go directly to glucuronic acid in the 
guinea pig (3), may be formed in small yield from glucuronic acid via the 
“hexose” intermediate. An indication of such intermediate conversion 
was sought by partial degradation of glucose from the glycogen of a normal 
guinea pig given radioglucurone. Carbon 6 of the glucose, isolated as 
dimedon formaldehyde, contained 10.8 per cent of the C™ in the molecule, 
which is in good agreement with the carboxyl carbon data from the en- 
dogenous glucurone, showing that a “hexose” which can readily be con- 
verted to glucose is probably an intermediate in this conversion. The 
respective 3- and 6-carbon intermediates almost certainly would be formed 
chiefly as phosphates. 

Further evidence regarding the conversion of preformed glucuronic acid 
to endogenous glucuronide was sought by following the metabolism of glu- 
curone-6-C in borneol-fed guinea pigs. After intraperitoneal administra- 
tion of this compound, the respiratory carbon dioxide, urine, liver, and 
ZBG were assayed for C™. 

A rapid evolution of C“O, occurred (more than one-fourth of the initial 
dose was recovered in the Ist hour), followed by 64 and 48 per cent, re- 
spectively, within 24 hours by the two animals (Table II). The urine 
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contained almost the entire remainder of the activity, 34 and 53 per cent, 
respectively, for the same animals. The respiratory loss of CO, was 
distinctly (26 per cent) more rapid immediately after injection of glucurone- 
6-C" than had been observed after injection of uniformly labeled glucurone 
under comparable conditions (maximal hourly rate about 10 per cent (1)). 
Isolation of urinary glucuronic acid from Guinea Pig F-22 as potassium 
acid saccharate permitted evidence that 64 per cent of the activity was 
present as unchanged glucurone (see ZBG below for activity), compared 
to 68 per cent found after administration of uniformly labeled glucurone (1), 
Measurement of radiocarbon in the liver gave maximal values! of <0.1 
and <0.25 per cent, compared with about 1 per cent from the uniformly 
labeled acid. 

The ZBG isolated after injection of glucurone-6-C* into borneol-fed guinea 
pigs showed that very little C was converted to urinary glucuronides, 


Taste II 


Cumulative Recovery of Respiratory C402 from Borneol-Fed Guinea Pigs after 
Intraperitoneal Administration of Glucurone- 6- ™ 





Per cent of C1402 recovered at end of 
Guinea pig No. EPR ee SE i ee eee ne 


| ihr. a | 3 hrs. | 4hrs. | Shrs. | 6 hrs. alae ee bie | 24 hrs. 





F-15 | 26.7 | 43.9 | 51.2 | | 54.6 | 55.6 | 56.6 | 5 63.8 | 64.0 
F-22 26.2 | 38.3 | 42.1 | 44.0 ihe 44.9 | | 45. 4 || 48.1 | 48.2 
| 


the maximal values! being <0.18 and <0.06 per cent from two animals. 
These results, together with a rapid and extensive evolution of C™O, 
from carbon 6, a very small recovery of C™ in position 6 of the conjugated 
glucuronic acid, and the previous degradation data, all fit into a con- 
sistent pattern of reactions pertaining to the extensive cleavage of exoge- 
nous glucuronic acid. 

The indication that glucuronic acid is not utilized extensively in the 
guinea pig for glucuronide synthesis is in contrast with the data of Packham 
and Butler (7) who, using naphthol-stimulated rats, reported that glucu- 
ronic acid was converted to urinary glucuronides in much higher yield than 
we have found (1). They also reported that no C™ was found in the 
respiratory CO, after glucuronic acid was administered intraperitoneally. 
It is difficult to interpret their data quantitatively, since specific activities 
and doses of starting materials were not given. Species variation might 
have been a major factor in the discrepancy; therefore we investigated the 


1 Since the amounts were too low to measure accurately, the maximal values from 
duplicate determinations were recorded. 
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metabolic fate of uniformly labeled glucurone (administered intraperitone- 
ally) in one Chloretone-stimulated and two normal albino rats (Wistar 
strain). 

No significant difference was found in the utilization of the compound 
by Chloretone-treated or normal rats, nor were the results radically dif- 
ferent from previous data found for normal and borneol-fed guinea pigs (1). 
The respiratory CO, data (Table III) show that a rapid evolution of CO, 
occurred. Assays of eight tissues from a normal rat given uniformly 


TaBLe III 


Respiratory C402 from Wistar Strain Albino Rats after Intraperitoneal Injection of 
Uniformly Labeled Glucurone-C'4 





Per cent of dose respired, after 
Rat No. es 


| 2hrs. | 3hrs. | 4hrs. | 5 hrs. | 6hrs. | 7 hrs. | 8 hrs. | 23 hrs. | 24 hrs. 
| | 


F-16, fed Chloretone...| 22.8 | 30.3 | 35.3 | 38.2 | 40.4 | 42.4 | 44.2 50.0 | 50.2 





F-18, normal.......... 22.0 | 28.8 | 31.9 | 34.2 | 36.4 38.0 | 39.2 | 46.8 | 47.0 
F-21, Agron ana 23.9 | 27.1 | 29.3 | 31.1 32.4 | 33.4 | 34.2 | 41.6 | 41.8 
TaBie IV 


Distribution of C4 in Wistar Rats 24 Hours after Intraperitoneal Administration of 
Uniformly Labeled Glucurone-C4 


Per cent of dose in | 
| Per cent of urinary 


Rat No. | : oe EF ne ca ‘ies a . | cu isolated as 
Liver | Glycogen Urine | we. | saccharate 
F-16, fed Chloretone.......... | 1.50 | 0.038 | 45.9 | 50.2 | 73.3 
MN. os cc clave ncusne 4.29 | 0.14 | 43.7 | 47.0 68.1 


a: wc is insoneencss 2.66 0.10 | 52.2 | 41.8 69.2 
labeled glucurone showed very little C™ fixation except in the liver. The 
values found (in per cent of initial dose) were as follows: liver 4.29, adrenals 
0.03, kidneys 0.13, spleen 0.05, lung 0.17, septum <0.01, thigh muscle 
0.40, humerus, including joint, 0.03. The total C' recovery is given in 
Table IV. 


SUMMARY 


1. Degradation of glucuronic acid from endogenous glucuronides iso- 
lated from the urine of borneol-fed guinea pigs after intraperitoneal ad- 
ministration of uniformly labeled glucurone showed an unequal distribu- 
tion of C4. The data indicate at least partial utilization of 3-carbon 
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fragments derived from exogenous glucurone, resulting in a lowered content: 
of C™ in positions 4, 5, and 6 (average 12 per cent each, compared to an 
average of 21 per cent in positions 1, 2, and 3). 

2. Partial degradation of glucose obtained from the glycogen of a normal 
guinea pig after administration of uniformly labeled glucurone showed that 
the glucose had approximately the same percentage of C" in position 6 
as had been found in the excreted glucuronide. 

3. The distribution of C from glucurone-6-C" into respiratory carbon 
dioxide, urine, liver, and urinary glucuronide was measured in borneol-fed 
guinea pigs after intraperitoneal administration. Over 26 per cent of the 
activity administered was exhaled during the Ist hour, and more than 
50 per cent within 24 hours. From one-third to one-half was excreted in 
the urine within 24 hours. 

4. The metabolism of uniformly labeled glucurone in Chloretone-treated 
and in normal rats furnished very similar data for the respiratory COs. 
urine, liver, glycogen, and seven other tissues. 
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STUDIES OF ANTIMETABOLITES 
III. THE METABOLISM OF 3-ACETYLPYRIDINE IN VIVO 


By W. T. BEHER anv W. L. ANTHONY 


(From the Edsel B. Ford Institute for Medical Research, Henry Ford Hospital, 
Detroit, Michigan) 


(Received for publication, March 5, 1953) 


Previous investigations (1, 2) have shown that the antimetabolite 3- 
acetylpyridine (8-AP) is metabolized to some extent, in the dog, to one of 
the end-products of nicotinic acid metabolism, N'-methylnicotinamide. 
Inasmuch as quantitative studies accounted for only about 10 per cent of 
the administered antimetabolite, it was of interest to extend this inquiry. 
Investigation of the benzene analogue, methyl phenyl ketone, reveals (3) 
that this substance is metabolized to and excreted as methylphenylcar- 
binol glucuronide and hippuric acid. A small amount of unaltered methyl 
phenyl ketone is also excreted. If it is assumed that 3-AP is metabolized 
in a similar fashion, one might expect to find increased urinary excretion of 
all the normal metabolic end-products of nicotinic acid metabolism, which 
include nicotinic acid, nicotinamide, N!-methylnicotinamide, and the 6-py- 
ridone of N!-methylnicotinamide (4, 5), as well as excretion of methyl-8-py- 
ridylearbinol, its glucuronide, and unaltered 3-AP. The urinary excretion 
of these substances, with the exception of the pyridone, was investigated 
after administration of 3-AP in the normal bitch. Assuming that methyl- 
8-pyridylearbinol is one of the major end-products of 3-AP metabolism, 
the administration of this compound should increase urinary nicotinic acid 


_and its metabolic end-products only slightly; therefore the fate of this 


substance was also investigated. 


Methods and Materials 


The animals used in all experiments were adult bitches accustomed to 
cage life, and normal with respect to liver and kidney function. They 
consumed constant amounts of a modified Goldberger diet consisting of 
ground whole yellow corn 73.5 per cent, vitamin-free (Labco) casein 18.5 
per cent, corn oil 5 per cent, calcium carbonate 1 per cent, calcium mono- 
hydrogen phosphate 1 per cent, and sodium chloride 1 per cent. This 
diet was supplemented by the following quantities of vitamins, in mg. per 
day: thiamine hydrochloride 0.75, riboflavin 1.50, pyridoxine hydrochloride 
0.60, calcium pantothenate 3.0, and nicotinic acid 7.5. 3 drops of haliver 
ol containing 60,000 U.S. P. vitamin A units and 1000 U.S. P. vitamin 
D units per gm. were also included each day. 

895 
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3-AP was purified before use by vacuum distillation of the compound 
after extraction with ether from an aqueous solution adjusted to pH 
10. The boiling point of the purified product was 218-220° (760 mm.). 
Methyl-8-pyridylearbinol was prepared by low pressure hydrogenation of 
3-AP over Adams’ catalyst (6). The boiling point was 130-133° (8 mm.). 


TABLE | 
Urinary Excretion of N'-Methylnicotinamide, Nicotinamide, and Glucuronic 
Acid after Administration of 3-Acetylpyridine 
The figures in parentheses are standard deviations calculated as follows: 


V 2X — X)/(N a 5S, 











saceate | Weight | a Nicotinic acid Glucuronic acid | $;Acetylovri 
Dog 57 
| kg. mg. per day mg. per day mg. per day gm. per day 
1-10 | 13.8 | 11.1 (43.0) | 0.64 (40.33) | 235 (411.5) | 0 
11 14.0 | 27.4 | 27.0 | 295 0.54 
12 13.9 | 53.2 P £8 | 273 0 
13 13.9 12.7 ; “Sen | 235 0 
14 14.0 11.2 0.9 | 243 0 
Dog 62 
1-9 | 11.6 | 10.6 (42.5) | 0.81 (40.14) | 307 (417.4) | 0 
10 | 1 a | | 62.2 | 33.1 | 412 0.55 
ul |} 11.0 | 9.8 | 1.9 | 252 | 0 
12 1 SRE 7.1 iv. Woe 286 bo 
13-15 | lt | 6.2 i; oak | 299 0 
Dog 60 
1-9 | 11.7 | 7.5 (41.4) | 0.69 (40.13) | 208 (422.2) | 0 
10 | 11.6 | 81.0 21.8 | 226 0.56 
1l | 11.3 | 79.0 | 6.5 302 0 
1215 | 1.3 | 


8.0 (42.8) | 0.91 (40.25) | 241 (414.6) 0 





Spectrophotometric analysis of the product gave no evidence of unreduced 
3-AP. Both substances were administered intravenously after being taken 
up in 0.9 per cent saline. 

N'-Methylnicotinamide was determined fluorometrically according to 
the method of Huff and Perlzweig (7); glucuronic acid by the method of 
Maughan, Evelyn, and Browne (8); urinary 3-AP and methyl-8-pyridyl- 
carbinol by ether extraction of the urine at pH 10, followed by ultraviolet 
spectrophotometry. Nicotinic acid was determined according to Wang 
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and Kodicek (9). Total urinary nicotinic acid and nicotinamide are de- 
termined by this method. 


Results 


The first series of experiments involved the intravenous administration 
of 3-AP; the data obtained are recorded in Table I. It is to be noted that 
there were highly significant increases in the urinary excretion of N}- 


TaBLe II 


Urinary Excretion of N‘-Methylnicotinamide, Nicotinamide, and Glucuronic 
Acid after Administration of Methyl- B- Pyridylearbinol _ 


Days of | Weight | Ni- Methyinicotinamide | 








J M h 1- 3 
experiment | excreted Nicotinic acid Glucuronic acid 1 Mecha gy 
Dog 57 
ke. . mg. ‘ee ie ee i oe day mg. per day | gm. per day 
1- 9 13.8 9.3 (+1.7) 0.62 (40.13) | 264 (+32) 0 
10 | 14.0 22.6 28.1 | 254 0.54 
11 13.9 72.6 39.2 304 | 0.54 
12 | 13.8 75.3 57.4 | 306 | 0.54 
13 13.6 62. 15.0 314 0 
14 i? ee 19.1 10.5 | 274 | 0 
15 13.8 9.0 1.3 | 252 +. @ 
16-18 13.8 9.6 0.8 241 | O 
Dog 60 
1-10 12.8 9.3 (+1.7) 0.5 (40.2) 210 (+20) 0 
11 13.2 92.7 33.5 254 0.52 
12 13.2 86.0 49.3 | 271 * 0.52 
13 13.2 72.0 | 9.9 | 288 0 
14 13.2 20.0 ike 258 0 
15-16 13.2 15.0 0.8 240 0 


EC 13.2 10.6 220 0 


methylnicotinamide, nicotinic acid, and glucuronic acid. In each of the 
experiments in Table I, the urine was assayed for 3-AP for 2 days following 
the injection; in no case was a positive result obtained. If the increases 
in glucuronic acid excretion indicated in Table I were due to methyl-s- 
pyridylearbinol glucuronide excretion, the administration of methyl-6-py- 
ridylearbinol should greatly increase apparent urinary glucuronic acid. 
In an effort to test this thesis, methyl-6-pyridylearbinol was given in- 
travenously to two animals. The data obtained are presented in Table 
Il. Increases in nicotinic acid and N'!-methylnicotinamide similar in mag- 
nitude to those obtained with 3-AP are indicated. Increased glucuronic 
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acid excretion was not significantly different from that observed after 
3-AP administration. Determinations of urinary 3-AP were negative. 


DISCUSSION 


The réle of 3-AP as an antimetabolite was initially indicated by the work 
of Woolley et al. (10), who found that this substance was toxic in the 
nicotinic acid-depleted animal. It was shown in further experiments, uti- 
lizing mice (11), that, while nicotinic acid did prevent so called symptoms 
of niacin deficiency occurring after 3-AP administration, it prevented them 
only if administered 3 or 4 days prior to 3-AP. That nicotinic acid was 
without effect when given simultaneously with 3-AP is contrary to other 
metabolite-antimetabolite relationships. The present studies indicate that 
at least 20 to 30 per cent of 3-AP administered is detoxified by oxidation to 
nicotinic acid. It is safe to assume that in the course of this oxidation 
nicotinic acid-containing coenzymes are involved. Thus it is possible to 
ascribe the increased toxicity of 3-AP in niacin-depleted animals to a 
decrease in the detoxication rate as well as to antivitamin activity. Ob- 
viously these two effects may be additive. 


SUMMARY 


1. Intravenous injection of 3-acetylpyridine (3-AP) in the bitch resulted 
in increased urinary excretion of nicotinic acid, N'-methylnicotinamide, and 
glucuronic acid. 

2. The administration of methyl-8-pyridylcarbinol resulted in an excre- 
tion pattern similar to that observed in the case of 3-AP. 

3. No urinary methyl-8-pyridylearbinol or 3-AP could be detected after 
the administration of these substances. 

4. Between 20 and 30 per cent of injected 3-AP and methyl-6-pyridyl- 
carbinol could be accounted for by increased urinary excretion of N’- 
methylnicotinamide and nicotinic acid. 
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PREPARATION OF SOLUBLE CHOLINE DEHYDROGENASE 
FROM LIVER MITOCHONDRIA* 


By J. N. WILLIAMS, Jr., anp A. SREENIVASAN{ 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, February 24, 1953) 


Recently it has been demonstrated that the choline oxidase system is 
located in the mitochondrial fraction of rat liver (1, 2). Because of the 
insolubility of the proteins of liver mitochondria, very few of the enzymes 
in this liver fraction have been prepared in soluble form. Using sodium 
desoxycholate as a dispersing agent, Eichel et al. (3) have reported the 
preparation of a soluble cytochrome oxidase from the insoluble fractions 
of heart. Drysdale and Lardy (4) have recently succeeded in preparing a 
soluble fatty acid dehydrogenase from rat liver acetone powder. 

In a previous report from this laboratory (5) it was indicated that at- 
tempts to extract the choline oxidase system from isolated mitochondria 
with sodium choleate as a dispersing agent failed. At that time, however, 
choline oxidase activity was measured manometrically with oxygen as a 
hydrogen acceptor. Therefore, the entire mitochondrial hydrogen trans- 
port system, including the cytochromes (6), would have been required to 
detect choline oxidase activity. If any one of the hydrogen transport 
components was not extracted by sodium choleate, no activity would have 
been obtained. In the present report we have reinvestigated this problem 
with a spectrophotometric method for following choline dehydrogenase 
activity in which the cytochrome system is not required. If choline de- 
hydrogenase can be prepared in a soluble form, studies of its cofactors, 
mechanism of action, and other properties which have hitherto been in- 
vestigated only in crude preparations (5, 7-13) could be greatly advanced. 


EXPERIMENTAL 


Development of Assay Method—To initiate these studies, a general method 
for following choline dehydrogenase activity spectrophotometrically was 
developed. A variety of hydrogen acceptors which give a change in opti- 
cal density when reduced was studied. The acceptor best suited for this 
method was found to be 2,6-dichlorophenol indophenol, since it has a 
maximum at 607 mu which disappears when it is reduced. 

* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. 

t Postdoctorate Fellow of the Rockefeller Foundation. Permanent address, De- 
partment of Chemical Technology, University of Bombay, Bombay, India. 
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Mitochondria were isolated from livers of adult male rats of the Sprague- 
Dawley strain by methods previously described (5). In preliminary ex- 
periments with 2,6-dichlorophenol indophenol as hydrogen acceptor, the 
washed mitochondria from 4 gm. of liver were suspended in 25 ml. of 0.1 
M sodium phosphate buffer (pH 7.3). The standard assay system was 
prepared as follows: 0.6 ml. of 10 mg. per cent 2,6-dichlorophenol indo- 
phenol, 0.6 ml. of Krebs-Ringer-phosphate buffer (pH 7.3) (14), 0.8 ml. 
of water, and 0.2 ml. of 2 per cent choline chloride or water (for the control) 
were mixed in test-tubes. The mixture was transferred to the cuvette 
of the spectrophotometer (Beckman quartz spectrophotometer, model DU) 
and 1 ml. of the mitochondrial suspension directly pipetted into the mix- 






——o 
CONTROL 


by 


+ CHOLINE 





OPTICAL DENSITY 





2 4 6 
TIME IN MINUTES 
Fig. 1. Choline dehydrogenase activity of fresh whole mitochondria with 2,6- 
dichlorophenol indophenol as the hydrogen acceptor (Beckman model DU, 607 my). 


of 


ture. The cuvette was quickly inverted to mix the enzymes with the other 
components and was placed in the spectrophotometer chamber. Readings 
of optical density at 607 mu were taken at 1 minute intervals for 5 minutes. 
The results of a typical experiment of this type are presented in Fig. 1. 
The optical density of the mixture containing choline rapidly decreased to 
a constant value while the control mixture, containing no choline, gave 
little decrease in optical density. As will be seen in later experiments, the 
control curve oftentimes gave some reduction of the dye, probably because 
of the presence of endogenous metabolites. In every case, however, the 
rate of decrease of optical density was greater in the mixture containing 
choline. 

From curves similar to those given in Fig. 1, the authors have developed 
an arbitrary method for calculating the enzyme activity which can be ex- 
pressed by a number rather than a graph. The optical density value of 
the points of each curve is subtracted from the immediately preceding 
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value. The figures thus obtained for the control system are then sub- 
tracted from the corresponding values of the system containing choline. 
The maximal difference in change in optical density is then used to express 
choline dehydrogenase activity. Thus, in Fig. 1, the activity was calcu- 
lated to be 200 units of change in optical density X 1000 per minute. In 
this example the maximal difference in change in optical density was during 
the first minute. 

To obtain the optimal concentration of dye for the system, experiments 
were carried out in which the level of dye added to the system was varied 
over a range from 10 to 100 y per cuvette. Other components of the 
system were kept at the same concentrations as listed above. The results 
of these experiments, in which the choline dehydrogenase activity is ex- 
pressed as maximal change in optical density X 1000 per minute between 
the control and the system containing choline, are summarized as follows: 
20 of dye 132, 40 y of dye 152, 60 y of dye 210, 80 y of dye 250, and 100 
y of dye 240. Thus the optimal dye concentration for this system was 
about 80 y of dye per cuvette. 

Further Purification of System—In the recent work of Drysdale and 
Lardy (4), rat liver mitochondria were treated with acetone to prepare 
them for the aqueous extraction of hitherto insoluble fatty acid dehy- 
drogenase. The treatment with acetone allowed the enzyme to be ex- 
tracted with either water or dilute buffer. To observe whether extraction 
of choline dehydrogenase from mitochondria could be achieved in a similar 
manner, mitochondria were isolated from rat liver in isotonic sucrose as 
before. The twice washed mitochondria were homogenized with 20 vol- 
umes of cold acetone and centrifuged. The acetone treatment was re- 
peated. The residue was taken up in 20 volumes of cold diethyl ether 
(c.p.) and recentrifuged. The mitochondria were then partially air-dried 
on filter paper for 2 to 3 minutes, and the last traces of ether were removed 
in vacuo. This powder was found to be stable with respect to choline 
dehydrogenase activity for at least 2 weeks at —5°. A yield of about 4.0 
to 4.5 gm. of dried mitochondria per 100 gm. of fresh rat liver was obtained. 

The choline dehydrogenase activity of the acetone-treated mitochondria 
was assayed by homogenizing the powder in 0.1 m sodium phosphate buffer 
(20 mg. of powder per ml. of buffer). When 1 ml. of the homogenized 
mitochondrial suspensions was used in a total assay volume of 3.2 ml. 
with the same component concentrations as in the preceding section, curves 
similar to those of Fig. 1 were obtained, indicating that the acetone-ether 
treatment did not destroy the choline dehydrogenase activity. By using 
this system, it was found that the optimal choline chloride concentration 
was 4 mg. per cuvette, which fortuitously was the same concentration as 
that used in the preceding work with the untreated fresh mitochondria. 
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The pH optimum of the system with acetone-treated mitochondria was 
found to be 6.8 rather than 7.3. Therefore, other solutions were brought 
to pH 6.8. 

Preparation of Soluble Choline Dehydrogenase—First attempts to bring 
choline dehydrogenase into aqueous solution from acetone-ether-treated 
mitochondria indicated that the enzyme could not be extracted with either 
cold distilled water or 0.1 M sodium phosphate buffer (pH 6.8). Homogeni- 
zation of the dried mitochondria with water or buffer and subsequent 
centrifugation gave no activity in the supernatant layer, but all of the 
activity was recovered in the residue. Thus the solubility of choline de- 
hydrogenase is different from that of mitochondrial fatty acid dehydro- 
genase since the latter system can be extracted from acetone-dried 
mitochondria with either water or buffer (4). 

When the buffer suspension of the dried mitochondria was frozen in a 
mixture of dry ice and acetone and rapidly thawed at 37°, no choline 
dehydrogenase activity was obtained in the supernatant layer after centri- 
fuging, but the activity was recovered completely in the insoluble residue. 

Because of the dispersive action of bile salts on insoluble lipides, the 
effect of sodium choleate (Merck) on the solubility of choline dehydrogenase 
of acetone-ether-dried mitochondria was studied. A mixture of 20 mg. of 
dried mitochondria and 12 mg. of sodium choleate (pH 6.8) (added in 
concentrated solution) per ml. of 0.1 m sodium phosphate buffer (pH 6.8) 
was homogenized in a glass homogenizer for 1 to 2 minutes and centrifuged 
at 25,000 X g for 30 minutes. A control suspension of the mitochondria 
was prepared in the same way, except that the sodium choleate was omitted. 
The supernatant layers of both mixtures were decanted and the residues 
resuspended in 1 ml. of buffer per 20 mg. of original mitochondria. The 
choline dehydrogenase activities of 1 ml. aliquots of the supernatant solu- 
tions and resuspended residues of both preparations were then assayed 
with the optimal 2 ,6-dichlorophenol indophenol level (80 7), choline chlo- 
ride (4 mg.), and Krebs-Ringer-phosphate buffer (pH 6.8). The final vol- 
ume in each cuvette was 3.2 ml. The results of a typical experiment of 
this type are presented in Fig. 2. From the extraction with buffer alone, 
all of the activity still resided in the insoluble mitochondrial residue. How- 
ever, when sodium choleate was included in the extraction mixture, all of 
the choline dehydrogenase activity was brought into the supernatant solu- 
tion with no activity remaining in the insoluble fraction. The supernatant 
layer was absolutely clear and, even after centrifuging for 60 minutes at 
28,000 x g, no activity was lost from the solution and no increase in activity 
in the residue was obtained. 

To obtain the optimal concentration of sodium choleate for extracting 
20 mg. of acetone-ether-treated mitochondria, experiments were carried out 
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was | in which choline dehydrogenase activities of the supernatant layer and 
ght | residue were followed for various levels of sodium choleate added. The 
results of these experiments are presented in Fig. 3. Here it can be seen 
ring | that, with increasing choleate concentration, the activity of the super- 
ited | natant solution rapidly increased with a reciprocal fall in the activity of 
ther | the residue. A broad maximum extending from 3.6 to 12 mg. of sodium 
eni- | choleate per 20 mg. of dried mitochondria per ml. of buffer was obtained. 


ent | Beyond that point the choleate inhibited the choline dehydrogenase ac- 
the 
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chlo- 
1 vol- tivity. In succeeding experiments 3.6 mg. of sodium choleate were rou- 
ant of tinely employed for extracting 20 mg. of acetone-ether-treated mito- 
= chondria per ml. of buffer. 

Ow- 


By using freshly isolated mitochondria which had not been treated with 
all of | acetone and ether, it was found that extraction with sodium choleate also 


Solu- | brought the choline dehydrogenase into solution. However, the mito- 

atant | chondria cannot be stored in the wet condition because of loss in activity 

tes at (5). Therefore, since the acetone-dried mitochondria can be stored with- 

‘tivity | out loss in activity, it is more convenient to prepare a supply and use it as 
: needed. 

a ye One of the limiting factors in the spectrophotometric assay method is 

ed o 


the presence of fairly high endogenous activity in certain dried mito- 
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chondrial preparations. Under those conditions the concentration of the 
2,6-dichlorophenol indophenol becomes limiting with respect to choline 
dehydrogenase activity. If higher dye concentrations are used to attempt 
to overcome this effect, the zero time optical density reading is too high 
(>2.0). Most of the endogenous dye reduction, however, can be removed 
by suspending the dried mitochondria first in 0.1 mM sodium phosphate 
buffer (pH 6.8), centrifuging, and then extracting the mitochondrial resi- 
due with the sodium choleate-buffer mixture. Apparently this endogenous 
activity is due to oxidizable metabolites that are not completely removed 
during the original isolation procedure but which can be removed by wash- 
ing the dried mitochondria with buffer before extracting with choleate. 


TABLE I 


Specific Activity of Choline Dehydrogenase (Based on Nitrogen) of Various 
Preparations of Mitochondria 





Specific choline dehydrogenase 
| activity as maximal changes in 
optical density per min. 

per mg. N* X 1000 


Enzyme preparation 





Pes OO ROTTE Seo ek be ee tear dota ee eames 290 





Choleate extract of fresh mitochondria................... 685 
Acetone-dried mitochondria..................0..... 0c eee ee 180 

ts re washed with buffer.......... 420 
Choleate extract of acetone-dried mitochondria........... 2400 











* See the text for the method of calculation. 


In order to follow the degree of purification of choline dehydrogenase 
from the freshly isolated mitochondria to the soluble extract containing 
the enzyme, the activity was determined at each step and calculated in 
terms of nitrogen present. The nitrogen of each fraction was measured 
with a micro-Kjeldahl procedure (Table I). The extraction of fresh, un- 
dried mitochondria with buffer and choleate more than doubled the specific 
activity based on nitrogen. The whole acetone-dried mitochondria pos- 
sessed slightly less specific activity than fresh mitochondria, which may be 
due to enzyme inactivation during the drying process. When the dried 
mitochondria were washed with buffer before measuring the activity, the 
specific activity was more than twice that of the unwashed dried mito- 
chondria. Preparation of soluble choline dehydrogenase from the acetone- 
dried mitochondria gave a 13-fold greater specific activity than that of the 
whole, dried mitochondria. Therefore, it appears that treatment of the 
dried mitochondria with choleate extracts the choline dehydrogenase but 
leaves most of the other protein.of the dried mitochondria in the residue. 
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Extraction of Other Enzymes from Mitochondria by Sodium Choleate— 
Two other enzymes known to be located in mitochondria, succinic dehydro- 
genase (15) and betaine aldehyde dehydrogenase (16), were assayed in the 
choleate extract prepared from acetone-dried mitochondria. By using 0.2 
ml. of 0.15 m sodium succinate and 0.2 ml. of 2 per cent betaine aldehyde 
(17) as substrate with the other cuvette components, the same as for the 
choline dehydrogenase assay, it was found that both succinic and betaine 
aldehyde dehydrogenases were extracted from the mitochondria. In quan- 
titative terms, the activity for succinic dehydrogenase was 120 units of 
change in optical density X 1000 per minute and for betaine aldehyde 
oxidase, 60 units of change in optical density < 1000 per minute. 

To observe whether the complete choline and succinic acid oxidase sys- 
tems were extracted by choleate, the soluble mitochondrial extracts were 
studied manometrically with oxygen uptake as the criterion for the presence 
of the complete dehydrogenase-cytochrome system. Since no aerobic ac- 
tivity could be detected for either enzyme (with or without added cyto- 
chrome c), it can be concluded that at least one necessary component was 
not extractable by choleate. When the whole acetone-dried mitochondria 
from which the soluble extracts were made were tested for choline oxidase 
activity, they were found to utilize oxygen as the hydrogen acceptor. 
This indicates that, while the complete oxidative system is present in the 
acetone-dried mitochondria, only certain of the enzyme components of the 
complete system are extracted by choleate. 


SUMMARY 


1. Choline dehydrogenase has been extracted from rat liver mitochondria 
with sodium choleate and phosphate buffer as the dispersing system. _ 

2. The soluble enzyme utilizes 2 ,6-dichlorophenol indophenol as a hydro- 
gen acceptor but not molecular oxygen, indicating that all of the mito- 
chondrial components of the choline oxidase system are not extracted by 
choleate. 

3. By the extraction procedure, a 13-fold purification of choline dehydro- 
genase has been obtained. 

4. Among other enzymes tested, mitochondrial succinic and betaine alde- 
hyde dehydrogenases were also brought into solution by choleate extraction. 
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SOURCES OF ERROR IN MICROBIOLOGICAL 
DETERMINATIONS OF AMINO ACIDS 
ON ACID HYDROLYSATES 


I. EFFECT OF HUMIN ON AMINO ACID VALUES* 


By MILLARD J. HORN, AMOS E. BLUM, CHARLES E. F. GERSDORFF, anp 
HELEN W. WARREN 


(From the Bureau of Human Nutrition and Home Economics, Agricultural 
Research Administration, United States Department 
of Agriculture, Washington, D. C.) 


(Received for publication, November 5, 1952) 


The history of amino acid assay has been marked by numerous con- 
troversies on the problem of destruction of amino acids by acid hydrolysis 
of the protein or food. It has been generally conceded that when such 
hydrolyses are carried out in the presence of certain carbohydrates amino 
acids are destroyed. 

Recently Baldwin, Lowry, and Thiessen (1) reported that autoclaving 
casein with dextrose resulted in a rapid destruction of amino acids, partic- 
ularly lysine and arginine. Futrell et al. (2) found that unsatisfactory re- 
coveries were obtained for tryptophan, lysine, histidine, and methionine 
when food composites! were analyzed. These findings led Mertz et al. (3) 
to use factors to calculate the correct amino acid content of their compos- 
ites from amino acid values obtained on acid hydrolysates. 

While running assays for essential amino acids on acid hydrolysates (4) 
of raw and cooked foods in this laboratory, we made several observations 
which may account for apparent losses of amino acids. These were (1) 
the effect of large and small concentrations of pyridoxamine in the basal 
medium on the results obtained from hydrolysates containing the humin 
formed during acid hydrolysis, and (2) apparent loss of amino acids when 
hydrolysates are allowed to stand under toluene. The present paper deals 
with the effect of the humin, or some substances adsorbed by the humin, 
on the growth of Leuconostoc mesenteroides and Streptococcus faecalis. 


EXPERIMENTAL 


When cereal grains and legumes were assayed for lysine with L. mesen- 
leroides, it was found that different values could be obtained, depending 
upon whether pyridoxine, pyridoxamine, or a mixture of pyridoxine, pyri- 

* This is the first of two papers dealing with sources of error in amino acid assays 


of acid hydrolysates of certain foods. 
‘A mixture of cereals or other foods hydrolyzed together. 
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doxamine, and pyridoxal was present in the basal medium. When pure 
proteins, such as lactalbumin or casein, were assayed, the amount of vita- 
min B, had no influence. The apparent values obtained are given in 
Table I. These results led to a study of the standard curves developed by 
using pyridoxine or pyridoxamine in the basal medium. It was found 
that, with limited amounts of lysine, two different standard curves could 
be obtained, depending upon which B, vitamin was present in the basal 
medium. Snell (5) has shown that pyridoxine per se is inactive and that 
all of the activity of the B, vitamin is due to the formation of small amounts 
of pyridoxamine. Therefore, the differences in the standard curves are 
evidently due to differences in the concentration of pyridoxamine. 

When lactalbumin or casein was hydrolyzed, adjusted to pH 6.8, and 
made up to volume without filtering, the assay for lysine gave the same 











TaBLe [ 
Lysine Determinations Showing Effect of Low and High Concentrations of 
Pyridoxamine* 
L id P High id ‘ Pyridoxine- 
Food OW ie — 1g Lor ggamaeaa a. 
-eErees = ee a | be TEvr2re 4 

per cent | per cent | per cent 
POURS RIDA Sates sists ea bivicieks o-ennss 3.89 4.75 | 5.19 
Black-eyed peas.................. | 8.91 11.44 12.05 
Ne 9.06 9.27 | 9.55 

hd LOR ee pee 7.45 7.70 | 





* Calculated to 16 per cent nitrogen. 


value whether there were low or high concentrations of pyridoxamine in 
the basal medium. However, when a hydrolysate of wheat or black-eyed 
peas was treated in the same way, two different values were obtained, de- 
pending upon whether the basal medium contained low or high concentra- 
tions of pyridoxamine (Table I). Since such differences were not observed 
when pure protein hydrolysates were assayed, it was apparent that some- 
thing in the hydrolysate of wheat and black-eyed peas gave rise to more 
growth per unit of lysine than was obtained when the standard curve was 
developed. It was found that the material causing this effect could be 
removed by filtering the hydrolysate either through carbon or through a 
fritted glass funnel at pH 4. The active material appeared to be associ- 
ated with the humin. Filtration at pH 6.8 through asbestos or paper left 
part of the active material in the residue and part in the filtrate. 

Humin containing the active material after separation from the hydrol- 
ysate was tested for its effect on the standard lysine curve by adding a sus- 
pension of the humin to tubes containing known amounts of lysine and 
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assaying the mixture (activated curve). In Table II are given the results 
obtained for the lysine standard curve with high and low concentrations of 
pyridoxamine with and without the humin. The data show that there 
was no lysine in the humin, since the blank was not increased by the addi- 
tion of the humin. It is further seen that, although the titration values 
for the two curves are different before adding the humin, they are approxi- 
mately equal after the addition of the humin. 

When low (2 y per tube of pyridoxine) and high concentrations (2 y 
per tube of pyridoxamine) of the active form of the B, vitamin in two 


TaBLeE II 


Titrations Following Microbiological Assay for Known Amounts of Lysine, Showing 
Effect of Low and High Concentrations of Pyridoxamine with and without 
Activator (Humin) in Medium 





Low pyridoxamine medium | High pyridoxamine medium 
Lysine 








| Regular curve | Activated curve | Regular curve Activated curve 


Y | ml. ml. ml. 
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separate basal media were employed, four standard curves were prepared 
for all of the essential amino acids except tryptophan, and it was found 
that the final results appeared to depend upon three factors; namely, the 
concentration of pyridoxamine in the basal medium, the amount of the 
limiting amino acid present, and the effect of the humin. 

The effect of these several factors on titration values of the standard 
curves for lysine and methionine is shown in Tables II and III respectively. 
With limiting amounts of lysine (Table IT) and no humin (regular curves), 
the titration values for the standard curve are lower for the medium con- 
taining high concentrations of pyridoxamine. However, on addition of the 
active humin, the titration values for both curves are higher and are the 
same. With limiting amounts of methionine (Table III), the titration 
values for the regular standard curves are different for low and high con- 
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centrations of pyridoxamine, and the medium containing high concentra- 
tions of pyridoxamine gives higher titration values. Moreover, the addi- 
tion of the active humin (activated curves) does not change the titration 
values of the curve developed with low pyridoxamine, but results in higher 
titration values for the curve developed by using a basal medium contain- 
ing high concentrations of pyridoxamine. With other amino acids, the 
effect of the humin varied, depending upon the concentration of pyridox- 
amine and upon the concentration of the limiting amino acid. 


TaBLeE III 


Titration Following Microbiological Assay for Known Amounts of Methionine, 
Showing Effect of Low and High Concentrations of Pyridoxamine 
with and without Activator (Humin) in Medium 


Low pyridoxamine medium High pyridoxamine medium 
Methionine 





Regular curve | Activated curve Regular curve Activated curve 
Y ml. ml. ml. ml. 
0 1.4 1.4 1.4 1.4 
2 4.4 4.5 4.3 4.8 
a 7.0 | t20 6.9 1.2 
6 9.1 | 9.1 9.3 9.9 
8 | 10.9 11.0 11.1 cer 
10 | 12.1 12.0 12.5 13.4 
12 13.1 | 13.1 13.8 14.4 
14 13.7 14.0 14.6 15.2 
16 | 14.4 | 14.6 15.1 | 15.8 
20 15.2 15.4 16.0 | 16.5 
30 16.3 16.7 16.5 16.9 


40 16.5 16.7 16.7 16.7 


In order to show the difference in amino acid values found with a hydrol- 
ysate free from the active material and one containing the active humin, 
two hydrolysates of barley were assayed, one filtered at pH 4, the other 
unfiltered. The results are given in Table IV, which shows that acceptable 
results can be obtained by averaging values obtained from Hydrolysates 
1, B and D, and Hydrolysates 2, A and C. These are considered to be 
the true values because those from the filtered hydrolysate when referred 
to the regular curve agree with the values from the unfiltered hydrolysate 
when referred to the activated curve. When the active material is used 
in preparing the standard curve and the hydrolysate assayed is free from 
the active material, the values are low (Hydrolysate 2, B and D, for ar- 
ginine and valine). When the active material is not used in preparing the 
standard curve and the hydrolysate assayed contains the active material, 
the values are high (Hydrolysate 1, A and C, for arginine and valine). 
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Here the interrelationship among the three factors is clearly shown. For 
limiting amounts of arginine, isoleucine, lysine, and valine, the effect of 
the humin is large with media containing either low or high concentrations 
of pyridoxamine. For limiting amounts of histidine and methionine and 


TasBLe IV 


Essential Amino Acid Content of Barley with Regular and Activated (Humin Present) 
Standard Curves Developed from Medium Containing Low and High 
Concentrations of Pyridoxamine* 


























Low pyridoxamine High pyridoxamine 
medium medium Average 
Amino acidt Type of hydrolysate ee Je + & Daas 
Regular Activated] Regular | Activated value 

(A) | (B) (C) | (D) 
per cent per cent per cent | per cent per cent 

Arginine 1. Unfiltered 5.99 4.69 | 5.82 | 4.69 
2. Filtered 4.52 | 3.39 4.61 3.47 4.63 

Histidine 1. Unfiltered 2.10 | 2.14 2.27 2.08 
2. Filtered 2.04 | 2.07 2.05 1.84 2.08 

Isoleucine 1. Unfiltered 4.52 | 3.57 | 4.53 | 3.96 
2. Filtered 3.89 | 2.92 3.88 3.15 3.83 

Leucine 1. Unfiltered | 6.71 | 6.71 | 6.87 | 6.87 
2. Filtered 6.89 | 6.89 6.87 | 6.87 6.84 

Lysine 1. Unfiltered 4.12 | 3.60 4.69 | 3.31 
2. Filtered 3.47 | 2.99 3.56 2.75 3.49 

Methionine 1. Unfiltered 1.41 | 1.48 1.62 1.49 
2. Filtered 1.34 | 1.387 1.49 1.36 1.44 

Phenylalanine 1. Unfiltered 5.17 | 5.25 5.76 5.27 
2. Filtered 5.28 | §.15 5.35 5.02 5.29 

Threonine 1. Unfiltered 3.35 | 3.64 3.23 3.47 
2. Filtered 3.43 | 3.72 3.47 3.56 3.50 

Valine 1. Unfiltered 6.79 | 5.21 6.54 5.25 
2. Filtered 5.13 3.96 5.25 3.76 5.21 


* Calculated to 16 per cent nitrogen. 
+ S. faecalis was used for arginine, threonine, and valine; L. mesenteroides, for 
histidine, isoleucine, leucine, lysine, methionine, and phenylalanine. 


low concentrations of pyridoxamine, the effect of the humin is small; at 
high concentrations of pyridoxamine the effect is greater. For limiting 
amounts of leucine, the humin has no effect on either high or low concen- 
trations of pyridoxamine. For phenylalanine there is no effect at low con- 
centrations, but a definite effect is observed at high concentrations of pyri- 
doxamine. 

Different Methods of Hydrolysis 


Since the active material is formed by refluxing cereal grains and legumes 
with 20 per cent hydrochloric acid, the development of this substance by 
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other methods of hydrolysis in common use was investigated. From Table 
V it is seen that active material can be formed by most of the generally 
used methods of hydrolysis, as evidenced by the high values for lysine 
from wheat and barley hydrolysates. Evaporation of the material with 
20 per cent hydrochloric acid to dryness on the steam bath before refluxing 
appears to destroy the active material or inhibits its formation during re- 
fluxing. It might be pointed out that all of these assays were run as soon 


TABLE V 


Lysine Values Obtained from Filtered and Unfiltered Hydrolysates of Wheat and 
Barley by Various Methods of Hydrolysis* 








Food | Method of hydrolysis Lysine 
per cent 
Wheat Refluxed 24 hrs.; filtered at pH 4 2.65 
Autoclaved in sealed tube with 10% HCl 8 
hrs.; unfiltered 3.18 
Autoclaved in sealed tube with 20% HCl 8 
hrs.; unfiltered 3.20 
Refluxed 24 hrs.; unfiltered 3.14 


Heated on steam bath overnight with 20% 
HCl to dryness; taken up in 20% HCl and 


refluxed 24 hrs.; unfiltered 2.78 
Autoclaved in open flask with 20% HCl 8 

hrs.; unfiltered 3.70 

Barley Refluxed 24 hrs.; filtered at pH 4 3.49 
Autoclaved in sealed tube with 10% HCl 8 

hrs.; unfiltered 4.69 
Autoclaved in sealed tube with 20% HCl 8 

hrs.; unfiltered Se 





Autoclaved in open flask with 20% HC 8 
hrs.; unfiltered 


on 
oO 








* Calculated to 16 per cent nitrogen. 


as the hydrolysis was completed, since there is a rapid loss of amino acids 
on standing in the presence of the humin. Details of this behavior will 
be discussed in a later publication. 

Recoveries of known amounts of lysine when added to a hydrolysate of 
barley containing the humin vary from 116 to 120 per cent, again indicat- 
ing an increase of growth in the presence of the active material. 


DISCUSSION 


Whether the active material occurs preformed in certain foods or is 
formed during acid hydrolysis remains to be determined. ‘Active humins” 
have been found in acid hydrolysates of wheat, oats, corn, barley, rye, rice, 
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kidney beans, Lima beans, and navy beans, black-eyed peas, green split 
peas, and lentils. The connection between the active humin, the limiting 
amino acid, and pyridoxamine is a complex one and can only be appreci- 
ated by a detailed study of each standard curve and the assay of materials 
containing the active substance. It will be shown subsequently that if 
the humin is allowed to remain in the hydrolysates there is a rapid loss of 
some amino acids on standing. The connection between the active ma- 
terial and loss of amino acids is under investigation. 

In attempts to remove the active material from the hydrolysate without 
losing amino acids, three methods were studied: filtration of the strongly 
acid hydrolysate with a small amount of Norit, filtration at pH 6.8 through 
paper, and filtering at pH 4 through a fritted glass funnel. Filtration 
through Norit caused the loss of amino acids; filtration at pH 6.8 left some 
of the active material in the hydrolysate, some in the precipitate; filtra- 
tion at pH 4.0 removed the active material without any loss of amino 
acids. Therefore of the three methods studied, filtration at pH 4.0 ap- 
pears to be the best. By other methods of filtration the active material 
may be removed. 


SUMMARY 


It has been shown that an active material that increased the growth of 
Leuconostoc mesenteroides and Streptococcus faecalis is present in acid hy- 
drolysates of cereals and legumes. The effect of this material varies, de- 
pending upon the concentration of active B, vitamins and the amount of 
the limiting amino acid. The nature of the material is under investiga- 
tion. The active substance is developed by most of the standard methods 
of hydrolysis, and it must be removed from the hydrolysate in order to 
obtain correct amino acid values. This can be done by filtering at pH 4 
through a fritted glass funnel. 
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ISOLATION AND IDENTIFICATION OF THE XANTHINE 
OXIDASE FACTOR AS MOLYBDENUM* 


By DAN A. RICHERT anv W. W. WESTERFELD 


(From the Department of Biochemistry, State University of New York Medical College 
at Syracuse University, Syracuse, New York) 


(Received for publication, March 6, 1953) 


The establishment and maintenance of normal levels of xanthine oxidase 
(XO) in the liver and intestine of weanling rats were previously shown 
(1-3) to be dependent upon an adequate diet. With a purified synthetic 
ration containing adequate riboflavin, two dietary factors were shown to 
be essential for this response: (1) protein, and (2) a hitherto unidentified 
substance referred to as the “liver residue factor” or “xanthine oxidase 
factor’ (XOF). The XOF could not be identified with any established 
vitamin or any other factor known to be required in animal nutrition. 
Both the protein and XOF had to be present in the diet simultaneously. 
Protein was the dominant nutritional factor as far as liver XO was con- 
cerned; in the absence of an adequate protein intake, nearly all of the XO 
was lost from the liver, irrespective of the presence or absence of XOF from 
the diet. With adequate protein in the diet, a deficiency of XOF resulted 
in a loss of about 25 per cent of the normal amount of liver XO. Protein 
did not dominate the intestinal response, and a deficiency of either factor 
alone caused a loss of most of this enzyme from the intestine. By main- 
taining an adequate protein intake, the amount of xanthine oxidase found 
in the intestine was utilized as a bioassay for XOF in the diet (4). 

The active material present in soy flour was isolated (5) by following its 
purification with bioassays for XOF. Although the purification procedure 
was not specifically designed to yield inorganic material, nevertheless the 
active products obtained were molybdate salts, and all of the biological ac- 
tivity could be accounted for by the molybdenum present. De Renzo et 
al. (6) have also found molybdenum to be active in the bioassay for the 
xanthine oxidase factor. 


EXPERIMENTAL 

Various fractions obtained during the purification procedure were as- 
sayed by adding them to a purified 24 per cent Labco casein diet (5). This 
diet contained 4 per cent Phillips and Hart salt mixture (7) which had been 
modified by increasing the manganese concentration 5-fold. Wean- 

* These studies were aided by a contract between the Office of Naval Research, 
Department of the Navy, and State University of New York (NR 111-328). 
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ling male rats were fed the control diet alone for 6 to 10 days; the test diet 
was then fed for 7 days before the xanthine oxidase activity of the intes- 
tine was determined (3). Activity was related to a standard response curve 
obtained with varying amounts of liver residue in the diet (4). 

Molybdenum was determined colorimetrically as the ether-soluble thio- 
cyanate according to the procedure described by Marmoy (8), except that 
the color was allowed to develop for 5 minutes and its intensity was meas- 
ured with a Coleman spectrophotometer at 470 my (9). 


Isolation of XOF 


Soy flour! was hydrolyzed in 750 gm. batches by refluxing it for 2 hours 
with 10 volumes of 1 N HCl. About one-third of the flour remained undis- 
solved, and was filtered off, washed with 1.8 liters of water, and discarded. 
This insoluble residue was as active as the original soy flour; this and other 
evidence indicated a relatively firm binding of molybdenum with some 
component of the flour. The filtrate contained as much activity as was 
present in the original starting material. The increase in total biological 
activity upon hydrolysis was due to the unavailability of some of 
the molybdenum in the soy flour for the assay response. 

The filtrates from 4.5 kilos of soy flour were combined and stirred with 
1.4 kilos of Nuchar? for 1 hour. The charcoal was then filtered off, washed 
with 6 liters of water, and resuspended in 7 liters of 1 N NH,OH. After 
stirring for 1 hour and filtering and washing the charcoal with 6 liters of 
0.5 n NH,OH, the elution process was repeated once more with 0.5 N 
NH,OH. The combined eluates (containing 36 gm. of solids per kilo of 
original soy flour) from 9 kilos of soy flour were acidified to Congo red 
with concentrated HCl and stirred for 1 hour with 600 gm. of Nuchar. The 
charcoal was filtered, washed with 6 liters of water, and eluted with 3 li- 
ters of 1 n NH,OH. After filtering and washing with 1.8 liters of 0.5 Nn 
NH,OH, the elution was repeated with 0.5 n NH,OH. The combined 
eluates (5.3 gm. per kilo of soy flour) from 18 kilos of soy flour were acidi- 
fied, stirred with 270 gm. of Nuchar, and filtered. The charcoal was 
washed with 2.5 liters of water, eluted twice with 1.3 liters of 1 N and 
0.5 n NH,OH, and washed after each elution with 0.8 liter of the same 
strength NH,OH. This eluate contained 1.7 gm. of solids per kilo of orig- 
inal soy flour and contained from 40 to 50 per cent of the original activity. 
Most of the lost activity was present in the filtrate from the initial char- 


1 Extracted soy flour from the A. E. Staley Manufacturing Company, Decatur, 
Illinois. 2.6 y of Mo per gm. In the assay procedure soy flour was about 25 per 
cent more active than liver residue. 

2 Nuchar C, West Virginia Pulp and Paper Company, Industrial Chemical Sales 
Division, NewYork. 
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coal adsorption, and the subsequent charcoal adsorption-elutions were 
made without significant losses. 

Most of the ammonia was removed from the above eluate by aeration, 
and the solution was then acidified to pH 1 with concentrated HCl. A 
small amount of insoluble precipitate was removed by filtration. The clear 
filtrate from 58 kilos of soy flour was poured through a column containing 
150 gm. of alumina,’ and the column was then washed with distilled water 
until the effluent was colorless. The active material was eluted from the 
column with 1 n NH,OH. The first colorless and then yellow effluents 
were discarded, and collection of the active eluate was begun with the ap- 
pearance of a dark brown pigment. 800 ml. of eluate were collected and 
concentrated in vacuo to 150 to 200 ml. This solution (0.12 gm. of solids 
per kilo of soy flour) was acidified to pH 1 with concentrated HCl and fil- 
tered. The filtrate was adsorbed a second time on 60 gm. of alumina in a 
17 mm. column, and the activity was again eluted with 400 ml. of 1 N 
NH,OH. This fraction contained 0.04 gm. of solids per kilo of soy flour, 
and both alumina purification steps were carried out without any signifi- 
cant loss of activity. 

Excess ammonia was removed from the above solution by distillation, 
and the solution was then poured through a 16 mm. column containing 35 
gm. of Amberlite IRA-410 in the hydroxyl form.‘ All of the activity was 
retained on the column. Some impurities were washed from the column 
with 2 liters of 0.2 n HCl. The active material was removed from the 
resin by eluting alternately with 400 ml. of 1 n NaOH and 200 ml. of 1 Nn 
HCl; the alkaline and acid solutions were used four and three times re- 
spectively. The eluates were combined, acidified to Congo red, and the 
active material was recovered from the solution by stirring with 50 gm. 
of Nuchar. The charcoal was filtered, washed with water, and eluted 
three times with 250 ml. portions of 1 n NH,OH. The combined eluates 
were concentrated to 10 ml. by distillation in vacuo, and then centrifuged 
to remove an inactive precipitate. All of the activity was precipitated 
from the supernatant fluid by the addition of 5 ml. of 5 per cent barium 
chloride and 80 ml. of 95 per cent ethanol. The precipitate was collected 
by centrifugation and dried in a desiccator. The yield from 58 kilos of soy 


5’ Alumina, activated, catalyst grade, Harshaw Chemical Company, Cleveland, 
Ohio. The alumina was pretreated by suspending it in water, and adding as much 
HCl as required to maintain a pH of 4 for several days. The alumina was filtered, 
washed, and oven-dried. The column was prepared by suspending the alumina in 
0.2 n HCl and pouring the slurry into a 25 mm. tube. 

* The Amberlite resin was obtained from Rohm and Haas, Philadelphia 5, Pennsyl- 
vania. It was converted to the hydroxyl form by treatment with 4 per cent sodium 
hydroxide, and the column was then washed with distilled water until the washings 
were neutral. 
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flour was approximately 400 mg. (6.8 mg. per kilo of soy flour), and the 
over-all recovery of original biological activity as well as of molybdenum 
was 25 to 30 per cent. 

1.1 gm. of the barium salt were leached one time with 50 ml. and three 
times more with 25 ml. portions of hot water. On cooling the combined 
supernatant solutions, a precipitate formed and was combined with the hot 
water-insoluble fraction to give 487 mg. of material containing 12.5 per cent 
Mo (Fraction 832). The supernatant fluid was evaporated in vacuo to 15 
ml. and cooled, and 226 mg. of precipitate containing 15.5 per cent Mo 
were deposited (Fraction 833). The solids in the filtrate (Fraction 834) 
contained only 5.7 per cent Mo. Since the middle fraction was most. ac- 
tive biologically, it was refractionated. 209 mg. of the precipitate were 
leached three times with 25 ml. portions of hot water to give 43 mg. of ma- 
terial which did not dissolve (Fraction 833B) and 66 mg. of material which 
precipitated in seemingly crystalline form when the solution was concen- 
trated (Fraction 833C). The 43 mg. of insoluble material were essentially 
inorganic, since it lost only 7.9 per cent of its weight when ashed at 460° 
for 20 hours; it contained 44.4 per cent Ba and 24.2 per cent Mo. Barium 
and molybdenum were the only two elements that could be detected 
spectrographically® in concentrations greater than 0.1 per cent. The 66 
mg. of soluble salt contained 17.3 per cent Mo and some unidentified or- 
ganic material since it lost 30.6 per cent of its weight on ashing. 

Final isolation of the molybdenum in pure crystalline form was effected 
as the benzoinoxime derivative. 425 mg. of Fraction 832 (containing 53 
mg. of Mo) were dissolved in 100 ml. of hot 5 per cent HCl, 20 ml. of 5 
per cent H.SO, were added, and the BaSO, was removed by filtration. The 
filtrate was cooled to 5° and treated with 13.5 ml. of 2 per cent benzoinox- 
ime dissolved in 95 per cent ethanol. After 15 minutes, the precipitate was 
filtered, washed with cold water, and dried in a desiccator. About 25 mg. 
of the dried material were redissolved in 2 ml. of 1 N NaOH, and diluted 
with water and concentrated HCl to give 50 ml. of 5 per cent HCl. The 
reprecipitated complex was filtered, washed with cold water, and dried in 
a desiccator for analysis. A solution of sodium molybdate was treated 
identically for comparative purposes. 


((Cis4Hi4NOvz)2MoO,). Calculated. Mo 15.57, N 4.54 
Found for isolated material. “15.54, “ 4.51 
« “ “NazMoO, derivative. © 15074; “4138 


Assay Response to Sodium Molybdate 


Fig. 1 shows the intestinal xanthine oxidase response to increasing 
amounts of molybdenum in the diet. Less than 0.1 mg. of Mo per 


5 We are indebted to Dr. George Oplinger, Solvay Process Company, Syracuse, 
New York, for this analysis. 
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kilo of diet was required to produce “saturation” levels of this enzyme in 
the intestine. Although intestinal values above 30 (c.mm. of O2 per 20 
minutes per flask) increased in accordance with the molybdenum content 
of the diet in Fig. 1, the results in this range were sometimes erratic, and 
assays giving such high values were repeated at lower molybdenum con- 
centrations. When tested in the range of 20 to 60 y of Mo per kilo of diet, 
this assay proved to be a surprisingly accurate measure of inorganic molyb- 
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Fig. 1. The bioassay response of intestinal xanthine oxidase to increasing amounts 

of molybdenum (as sodium molybdate) in the diet. Each point represents the 

average of eight rats. Intestinal XO values above thirty are sometimes erratic and 

not strictly proportional to the molybdenum content of the diet, and are therefore 

considered ‘‘saturation’’ levels. 





date in the diet. Phosphomolybdic acid or MoOs, dissolved in dilute HCl, 
had the same activity as sodium molybdate when assayed at a level of 50 
y of Mo per kilo of diet. Sodium vanadate and vanadium sulfate were 
inactive at 425 y of vanadium per kilo of diet. 


Identification of XOF with Mo 


With molybdenum identified as a major constituent of the active ma- 
terial isolated from soy flour, and the XOF activity of sodium molybdate 
demonstrated, it remained to be determined whether all of the biological 
activity of the isolated products could be accounted for on the basis of 
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their molybdenum contents. Such was found to be the case by (1) cor- 
relating biological activity with molybdenum content, (2) ashing the iso- 
lated fractions without loss of biological activity, and (3) removing the 
biological activity along with the molybdenum when the latter was ex- 
tracted as an ether-soluble thiocyanate or was precipitated with benzo- 
inoxime. 

The assays of the isolated barium salts were used to estimate their Mo 
contents by reference to Fig. 1, and such bioassay values for Mo were com- 
pared with the chemical determinations. The barium salts were dissolved 
in warm 1 n HCl and the barium precipitated with H.SO, before incorpo- 
ration in the diet for bioassay or before the chemical determination of 


TABLE I 


Correlation of Biological Activity and Molybdenum Content of 
Various Fractions Obtained from Soy Flour 





| | Mo content of diet, y Mo per kg. 
diet 


Fraction No. (Ba salt) | — of fraction Mo content of 











ded to diet fraction i ———- <taged 
\Chemical analysis | Bioassay 
| ¥ per kg. | per cent | 
832 | 547 12.5 68 65 
834 560 5.7 32 36 
833B 116 24.2 | 28 31 
193 | | 47 55 
833C 232 17.3 | 40 | 48 
| 286 | 50 | 48 
833C (ash) | 204 24.1 | 49 48 





molybdenum. The results are shown in Table I and leave no doubt that 
the biological activity of these fractions was due entirely to their molyb- 
denum content. A dozen other fractions were compared in the same man- 
ner and in no case was the discrepancy between the chemical determination 
and bioassay value greater than 25 per cent; the average of all values agreed 
perfectly. Ashing Fractions 833B and 833C did not cause any loss of 
molybdenum or any decrease in biological activity (Table I). This is fur- 
ther evidence that the organic component of the latter fraction did not 
influence its biological activity. 

Extraction As Thiocyanate—0.747 mg. of Fraction 833C (containing 120 
y of Mo) was divided into three separatory funnels, and the molybdenum 
was converted to the thiocyanate by treating it in acid solution with KCNS 
and SnCle, as described in the procedure for its determination. The col- 
ored molybdenum thiocyanate was extracted with ether, and the combined 
ether-soluble residue was neutralized with NaOH before being incorpo- 
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rated in the diet for bioassay. Essentially all of the activity was found 
in the ether-soluble fraction; less than 7 per cent was recovered from the 
aqueous solution by adsorbing the activity onto charcoal and eluting with 
NH,OH. Ina separate experiment with the untreated fraction it was dem- 
onstrated that the charcoal adsorption procedure would have recovered 
small amounts of biological activity from the aqueous layer if it had been 
there. 

The thiocyanate experiment was repeated with an aliquot of Fraction 
833C containing 30 y of Mo and with 30 y of Mo as sodium molybdate. 
The ether-soluble material was assayed at a level of 50 y of Mo per kilo 
of diet. The assay results indicated values of 44 y of Mo per kilo of diet 
for both substances, and the same assay results were obtained when the 

















TaBLeE II 
Correlation of Biological Activity with Precipitation of Molybdenum by 
Benzoinoxime 
Mo in ppt. Mo in filtrate 
ies > ae Pease 
oO. i Oo . . 
poe se Bioassay mee m2) | Bioassay 
7 7 ley | x 
1 NaMoQ. | 99 109 0.5 
833C | 95 120 | 0.5 <3 
2 NazMoO, 75 65 17 
833C 75 73 28 26 











molybdenum thiocyanate was added to the diet without prior neutraliz- 
ation. 

Precipitation with Benzoinoxime—An aliquot of Fraction 833C containing 
100 y of Mo and a corresponding aliquot of sodium molybdate were each 
dissolved in 50 ml. of 5 per cent HCl and cooled to 5°. 2 ml. of 2 per cent 
alcoholic benzoinoxime and 2 drops of bromine water were added (10). In 
one experiment the precipitate was filtered in the cold after standing for 
15 minutes in order to obtain a quantitative precipitation of the molyb- 
denum. In a second experiment the precipitate was filtered at room tem- 
perature after standing 1 hour, and the precipitate was washed with 5 per 
cent HCl. These latter conditions are known (11) to give incomplete pre- 
cipitation of the molybdenum. ‘The precipitates were dissolved in 1 ml. of 
cold concentrated H.SO,, and the funnels were rinsed with concentrated 
HNO; and hot water. The samples were digested over a flame with the 
aid of a few drops of 30 per cent H,O, to obtain final clearing. Aliquots 
of the digest were removed for colorimetric determination of molybdenum 
and for bioassay. One-fifth of the filtrate was similarly digested and an- 
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alyzed for molybdenum, while the remaining four-fifths was treated with 
charcoal to adsorb any remaining activity; the charcoal was eluted with 
NH,OH, and the eluate was added to the diet. The results in Table IT 
show that, when the molybdenum was precipitated quantitatively, bio- 
logical activity was found only in the precipitate; when some of the molyb- 
denum escaped into the filtrate, a corresponding amount of biological ac- 
tivity was also present in the filtrate. 


DISCUSSION 


Molybdenum is known to be required by some plants and microorgan- 
isms, but this is the first demonstration of a réle for molybdenum in an- 
imal nutrition and is the first association of molybdenum with an enzyme. 
It appears to be a part of the enzyme molecule since purified preparations 
of milk xanthine oxidase contain XOF (4) or molybdenum. Xanthine oxi- 
dase, prepared from cream by Ball’s procedure (12) and dialyzed, had a 
molybdenum content of 0.03 per cent when the Qo, was 900 at 37°. It 
can be calculated (13) that this degree of purity is equivalent to a Qo, of 
360 at 20°, and therefore compares favorably with the purification pre- 
viously achieved. This molybdenum concentration is relatively low when 
compared with the iron or copper content of analogous substances. While 
it is possible that molybdenum is present in the enzyme preparation as an 
impurity, it is significant that it is involved in such diverse situations as 
the intestinal xanthine oxidase response and the purified milk enzyme. 

It was impossible to restore the xanthine oxidase activity of a depleted 
intestinal homogenate by the addition of sodium molybdate in vitro. The 
addition of 0.1 to 100 y of Mo as sodium molybdate to the Warburg flask 
in the presence or absence of methylene blue had no stimulatory or in- 
hibitory effect on the xanthine oxidase activity of intestinal homogenates 
with low or high initial activities. This cannot be accepted as indicating 
the absence of the apoenzyme from molybdenum-depleted intestines, since 
it is not yet known that sodium molybdate is capable of restoring the ac- 
tivity of the apoenzyme. On the other hand, a disappearance of the pro- 
tein portion of the enzyme as a result of a molybdenum deficiency would 
be analogous to the iron-ferritin relationship in the intestine (14). 

It was pointed out previously (5) that the reduction of nitrates by plants, 
molds, etc., is probably effected by a molybdenum-containing enzyme 
which is similar to but not necessarily identical with xanthine oxidase. 


SUMMARY 


The dietary factor required for the deposition and maintenance of nor- 
mal levels of rat intestinal xanthine oxidase was isolated from soy flour 
and identified as a molybdate salt. Sodium molybdate gave saturation 
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levels of intestinal xanthine oxidase when the diet contained less than 0.1 
mg. of molybdenum per kilo; the best assay range was 20 to 60 y of Mo 
per kilo of diet. 

All of the biological activity of the isolated material could be accounted 
for by the molybdenum present, since (1) all the fractions had the same 
biological activity as sodium molybdate when tested on the basis of their 
respective molybdenum content, (2) the molybdenum content and biolog- 
ical activity were not decreased by ashing, (3) a removal of molybdenum 
by extracting it as an ether-soluble thiocyanate also extracted the biolog- 
ical activity quantitatively, and (4) precipitation of molybdenum with ben- 
zoinoxime also precipitated the biological activity to the same extent. 

Purified milk xanthine oxidase contained 0.03 per cent molybdenum. 
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BENZOYL COENZYME A AND HIPPURATE SYNTHESIS* 
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The synthesis of p-aminohippurate! by the insoluble particles of rat liver 
and kidney homogenates occurs at the expense of phosphate bond energy. 
Cohen and McGilvery (1) have shown that the necessary energy is pro- 
vided in an aerobic system by the oxidative reactions of the tricarboxylic 
acid cycle and in an anaerobic system by ATP. Studies by Kielley and 
Schneider (2) indicate that the enzymes involved in PAH synthesis are 
confined to the mitochondria. More recently, Chantrenne (3) has obtained 
hippurate synthesis in soluble extracts of rat liver acetone powder and has 
demonstrated a dependence of the over-all process on coenzyme A. The 
general réle of CoA in a variety of condensation reactions involving acetate 
prompted Chantrenne to suggest the possibility that the energy-rich inter- 
mediate in hippurate synthesis is a “coenzyme A compound.” The sub- 
sequent demonstration by Lynen, Reichert, and Rueff (4) that acetate 
activation involves the formation of the acetyl mercaptan of CoA provides 
strong supporting evidence for this hypothesis. However, it has remained 
uncertain whether benzoic acid or glycine represents the activated member 
in the condensation reaction. By analogy with the carboxyl activation of 
acetate, benzoyl CoA has been proposed as the most probable intermediate 
(5). Benzoyl phosphate (3) and N-phosphoglycine (1) appear to have been 
excluded as possible intermediates. 

The present communication describes the preparation of S-benzoyl CoA 
by a simple method based on the observation of Simon and Shemin (6) 
that succinyl CoA can be prepared by the interaction of CoA and succinic 
anhydride. Evidence is presented that benzoyl CoA is utilized directly in 
the enzymatic synthesis of hippurate. 


Methods and Materials 


Preparation of Enzyme—A soluble preparation of pig kidney cortex was 
used in all of the experiments reported here. An acetone-ether powder of 


* This work was supported by the Rockefeller Foundation and by the Edward 
N. Gibbs Memorial Prize of the New York Academy of Medicine. 

+ Fellow of the Life Insurance Medical Research Fund. 

1 The following abbreviations have been used throughout this paper: adenosinetri- 
phosphate, ATP; coenzyme A, CoA or CoA-SH; sulfhydryl, —SH; glutathione, GSH; 
tris(hydroxymethyl)aminomethane, Tris; p-aminobenzoate, PAB; p-aminohippu- 
rate, PAH; 2,3-dimercaptopropanol, BAL. 
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pig kidney was prepared at —5°. The powder was extracted at room tem- 
perature in 10 volumes of 0.02 m potassium phosphate buffer of pH 7.5 and 
subsequently fractionated with ammonium sulfate at 0°. The fraction ob- 
tained between 30 and 40 per cent saturation with ammonium sulfate 
(AS30-40) was dialyzed overnight against a large volume of 0.07 m KCI-0.02 
mM KHCO; which had been adjusted to pH 8.0 with solid K:CO;. When 
tested for PAH synthesis at 38° in a system containing 0.0025 m PAB, 0.06 
M glycine, 0.04 m GSH, 0.006 m MgCl, 0.006 m ATP, 50 Lipmann units of 
CoA per ml., and 0.02 m potassium phosphate buffer of pH 7.5, the activity 
of the AS3o-40 fraction was approximately 3 times that of the crude extract 
and compared favorably with that of the rat liver extracts described by 
Chantrenne (3). Unlike the rat liver extract, the AS3o-49 fraction exhibits 
a complete CoA dependence without treatment with Dowex 1. 

Analytical Methods—PAB and PAH were estimated by the method of 
Cohen and McGilvery (7); hippurate by the method of Chantrenne (3). 
Sulfhydryl groups were estimated by the procedure of Grunert and Phillips 
(8), with cysteine: HCl as a standard; for thioglycolate estimations a thio- 
glycolic acid standard was used. Hydroxamic acids were estimated by the 
Lipmann and Tuttle method (9), with standard acethydroxamice acid pre- 
pared from acetamide and standard succinhydroxamic and benzohydrox- 
amic acids prepared from the respective acid anhydrides. 

Benzoyl CoA, benzoyl thioglycolate, and benzoyl glutathione have been 
estimated by two methods: (a) the liberation of —SH on alkaline hydrolysis, 
and (b) by reaction with hydroxylamine to form benzohydroxamic acid. 
The benzoyl thiol esters of CoA and GSH are completely hydrolyzed in 
5 minutes in 0.1 n NaOH at 25°, while that of thioglycolate requires 1.0 
N NaOH. The results obtained by the alkaline hydrolysis and hydroxyl- 
amine methods consistently agreed within +3 per cent. 

Preparation of S-Benzoyl CoA—Benzoyl CoA was prepared by a modifi- 
cation of the acid anhydride method used by Simon and Shemin (6) for 
the synthesis of succinyl CoA (Equation 1). 


(1) CoA-SH + R—CO—O—CO—R — CoA-S—CO—R + RCOOH 


The following summarizes a typical preparative run. To a standard 
Warburg vessel were added 50 mg. of Pabst CoA (50.4 um of free —SH), 
3.0 ml. of water, solid NaHCO; to pH 7.0, and 75 um of finely ground 
benzoic anhydride. After thorough flushing with nitrogen, the vessel was 
shaken in a 38° water bath. After 3 hours the reaction mixture contained 
2.4 um of free —SH and 37.0 um of alkali-hydrolyzable acyl mercaptan. 
The reaction mixture was adjusted to pH 3.5 with HCl and extracted four 
times with ether to remove any remaining benzoic anhydride. The mate- 
rial was then extracted successively into phenol-benzyl alcohol (3:1) and 
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water, according to the procedure utilized by Littlefield and Sanadi (10) 
in the purification of acetyl CoA. The final aqueous extract contained 19.6 
um of acyl mercaptan. Lyophilization yielded a fine white powder with 
an estimated purity of 27 per cent, as based on a molecular weight of 871 
for benzoyl CoA. This material was dissolved in water and streaked for 
an ascending chromatogram on washed Whatman No. 3 paper with a 1:1 
mixture of absolute ethanol and 0.1 m sodium acetate buffer of pH 4.5 as 
the solvent (11). Subsequent examination of the chromatogram with the 
nitroprusside Reagent I of Toennies and Kolb (12) failed to reveal any free 
sulfhydryl compound. However, treatment of the paper with methanolic 
KOH (11) prior to the application of Reagent I led to the appearance of 
a sharply defined band with an Ry of 0.73. The corresponding Ry of CoA 


TABLE I 
Hydrolysis Characteristics of Benzoyl CoA 





Condition Time Temperature Per cent hydrolysis 
vee a es °C. 
pH 1.0 20 100 0 
re 20 100 0 
«6.5 20 100 0 
« 8.5 | 20 | 25 39 
‘10.5 | 20 | 25 86 
0.4 n NaOH 2 | 25 63 
oil“ « | 5 | 25 100 





Following incubation, all samples were readjusted to pH 6.5 prior to the estimation 
of free —SH (8). Stability in the acid range was confirmed by the hydroxylamine 
reaction (9). 


in this solvent system was 0.55 to 0.59, as previously reported by Stadtman 
(11). Elution of the Rr 0.73 band in water and subsequent lyophilization 
yielded a white powder containing 44 per cent benzoyl CoA, as estimated 
by —SH liberation on alkaline hydrolysis and by the hydroxamic test.? 

A portion of the product was treated with an excess of hydroxylamine 
and applied to an ascending chromatogram on Whatman No. | paper with 
water-saturated butanol as the solvent (13). Subsequent color develop- 
ment with FeCl;-HCl revealed a single spot with an Ry of 0.80. The ob- 
served Rp of a standard benzohydroxamic acid was 0.80, while that of 
succinhydroxamic acid was 0.35 and of acethydroxamic acid 0.43. 

Table I summarizes data on the hydrolysis of benzoyl CoA over a wide 


2 The above preparation of benzoyl CoA carried only through the stage of ether 
extraction yields a product satisfactory for the majority of enzyme studies. In a 
number of runs by the simpler procedure, the yield of benzoyl CoA ranged from 
39 to 74 per cent. 
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range of pH and at various temperatures. The stability of the thiol ester 
in acid solutions at 100° resembles that reported for acetyl CoA (11). In 
alkaline solutions, the rate of hydrolysis increases with increasing pH. 

Benzoylthioglycolic Acid and Benzoyl Glutathione—Benzoylthioglycolic 
acid was prepared from thioglycolate and benzoic anhydride by a procedure 
similar to that described for benzoyl CoA. After recrystallization from 
water, the colorless plates which were obtained melted at 104-106°, as 
compared with a melting point of 107° reported by Holmberg (14) for 
benzoylthioglycolic acid prepared by another method. Alkaline hydroly- 
sis liberated the theoretical amount of —SH and reaction with hydroxyl- 
amine gave the expected amount of benzohydroxamic acid. 

The reaction of neutral, reduced glutathione (General Biochemicals, Inc.) 
with benzoic anhydride yields products which are very sparingly soluble in 
acid solutions. Recrystallization from dilute HCl gave dense clusters of 
thin needles which melted with decomposition at 244°. However, elemen- 
tary analysis of this product indicates a mixture of the mono- and diben- 
zoyl derivatives of glutathione. Further purification procedures are in 
progress. 


Results 


Formation of Hippurate—In the synthesis of hippurate by the soluble 
AS30490 fraction of pig kidney, benzoyl CoA completely replaces the usual 
additions of benzoate + CoA + ATP + Mgt and GSH (or cysteine). 
In a system containing only the enzyme, benzoyl CoA, glycine, and potas- 
sium phosphate buffer of pH 7.5, the formation of hippurate is essentially 
complete in 10 minutes at 38° (Fig. 1). The yield of hippurate decreases 
after 20 minutes incubation owing to the action of a hippuricase present in 
the AS3o40 fraction. When the incubation period was limited to 20 min- 
utes, the amount of hippurate formed was found to be directly proportional 
to either the quantity of benzoyl CoA added (up to 0.6 uM per ml.) or to 
the concentration of enzyme (up to 2.0 mg. of protein per ml.). In a large 
series of experiments, the conversion of added benzoyl CoA to hippurate 
averaged 75 per cent. 

In several experiments, the liberation of —SH groups and the disappear- 
ance of hydroxylamine-reactive material were balanced against hippurate 
synthesis. In each experiment comparison was made between the complete 
system and one lacking glycine. As shown in Table II, the three estima- 
tions are in good agreement and are consistent with Equation 2. 


(2) CoA-S-benzoyl + glycine — hippurate + CoA-SH 


In the absence of added glycine there is no demonstrable formation of 
hippurate. However, it should be noted that benzoyl CoA is slowly hy- 
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drolyzed, even in the absence of glycine. This may be due to the presence 
in the AS3o_40 fraction of a benzoyl CoA deacylase analogous to those de- 
scribed by Gergely et al. (15) for acetyl CoA and succinyl CoA. 

The possibility that benzoyl CoA is not utilized directly in hippurate 
synthesis appears to have been excluded by the following experiment. 





[@) 
WJ 
0.20 4 pea 
= he 
[o) oh 
w 
wy 0.15 4 
= 
<q 
= 0.104 
a 
a 
£0.05 
E 
=a 
1 T qT 











10 40 


20 30 
MINUTES 
Fia. 1. Time curve for synthesis of hippurate from benzoyl CoA. The complete 
system contained 0.25 um of benzoyl CoA, 60 um of glycine, 20 um of potassium phos- 
phate buffer of pH 7.5, and 6 mg. of protein of the pig kidney AS;o.40 fraction; fi- 
nal volume 1.0 ml. Temperature, 38°. 


TaB.e II 
Balance Studies for Hippurate Synthesis from Benzoyl CoA 














Experiment No. A—SH A hydroxamic acid A hippurate 
= er 222 ee Spi Se 
1 —0.59 +0.57 
2 +0.37 +0.37 
3 | +0.62 —0.60 +0.60 





Conditions as described in Fig. 1, except for varying amounts of added benzoyl 
CoA. Time, 20 minutes. 


Hippurate was synthesized from benzoyl CoA and glycine in the presence 
of a 10-fold excess of PAB. An exchange of the S-benzoyl group with 
either PAB or glycine prior to condensation should result in the appearance 
of PAH among the reaction products. The actual experimental data 
showed that 0.25 um of benzoyl CoA gave rise to 0.18 um of hippurate, but 
no detectable quantity of PAH. 

It has not been possible to establish a requirement for any additional 
cofactors in the condensation reaction. Although a potassium phosphate 
buffer of pH 7.5 was used in all of the experiments reported, it could be 
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replaced by a Tris-HCl buffer with only a 10 per cent reduction in the rate 
of hippurate synthesis. Chantrenne (3) has previously shown 0.003 m 
MgCl. to be essential for a maximal rate of synthesis in the ATP-dependent 
system. However, the addition of Mgt+ has no demonstrable effect when 
benzoyl CoA serves as the activated intermediate. 

Hippurate synthesis was inhibited 73 per cent by 0.02 m cysteine; the 
basis for this inhibition will be discussed in a later section. No inhibition 
was observed with either 0.001 m 2,4-dinitrophenol, 4’-carboxyphenyl- 
methanesulfonanilide (carinamide), or dipropylsulfamyl benzoate (bene- 
mid). The latter two compounds have been reported by Beyer and Wie- 
belhaus (16, 17) to be potent inhibitors of PAH synthesis in respiring 
kidney slices and washed particle systems. 

Absorption Spectrum—The ultraviolet absorption spectrum of a sample 
of benzoyl CoA (44 per cent pure)* is shown in Fig. 2. Of particular 
interest are the changes in light absorption which accompany the reaction 
of benzoyl CoA and glycine to form hippurate. Similar changes occur on 
the alkaline hydrolysis of benzoyl CoA. The increased light absorption 
associated with the formation of a thiol ester linkage has been reported to 
be maximal at 232 my for acetyl CoA (18) and succinyl CoA (6) and at 
235 muy for lactyl glutathione (19). In the case of benzoyl CoA, the differ- 
ence spectrum has an apparent maximum at 272 my. This observation, 
together with the balance data presented in Table II, appears to provide 
the basis for a sensitive spectrophotometric method for following the con- 
version of benzoyl CoA to hippurate.*. At 280 my the light absorption 
contributed by the thiol ester linkage represents approximately 55 per cent 
of the total for benzoyl CoA. With a 1 cm. light path, a decrease in op- 
tical density of 0.730 corresponds to the cleavage of 0.1 um of benzoyl CoA 
perml. In estimating hippurate synthesis, comparison must be made with 
a glycine-free control, as is shown in Fig. 3. 

Benzoyl Transfer Reactions—Stadtman has previously reported the non- 
enzymatic transfer of acetyl groups from acetyl CoA to various sulfhydry] 
compounds and from acetyl thioglycolate to glutathione (11). Very 
similar transfer reactions have now been shown to occur with benzoyl CoA. 
When benzoyl CoA is incubated at 38° in the presence of an excess of either 
cysteine or BAL at pH 7.5, there is a rapid and almost complete disap- 
pearance of hydroxylamine-reactive material. In contrast, incubation with 


’This sample was obtained by paper chromatography, as described under 
“Methods and materials,” to minimize contamination with oxidized CoA. The 
bulk of the residual contaminant is presumed to be sodium acetate from the solvent 
system. 

4 Stadtman has described a similar spectrophotometric method for following the 
arsenolysis of acetyl CoA (18). 
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either thioglycolate or glutathione does not decrease the yield of benzo- 
hydroxamic acid. The S-benzoyl derivatives of cysteine and BAL are 
apparently unstable and undergo spontaneous cleavage or rearrangement 
to give products which do not react with hydroxylamine, as is the case 
with the corresponding S-acetyl derivatives (11). Evidence for the fol- 
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Fig. 2. Changes in the absorption spectrum of benzoyl CoA during the formation 
of hippurate. The complete system contained 0.15 um per ml. of benzoyl CoA and 
other additions as in Fig. 1. Neutralized perchloric acid filtrates (1:10) were pre- 
pared of the initial reaction mixture (@) and after 25 minutes incubation at 37° (O). 
Absorption measurements were made in a Beckman DU spectrophotometer in silica 
cells of 1 em. light path; a perchloric acid filtrate containing all the components of 
the complete system, except benzoyl CoA, served as the blank. The difference spec- 
trum is indicated by the dash line. 

Fig. 3. Spectrophotometric method for following hippurate synthesis from ben- 
zoy! CoA. The complete system contained 0.09 um of benzoyl CoA, 60 uM of glycine, 
100 um of potassium phosphate buffer of pH 7.5, and 0.6 mg. of protein of ASgo-40; 
total volume 3.0 ml. Readings were made in 1 em. silica cells in a Beckman DU 
spectrophotometer at 280 my. The initial optical density of the complete system 


was 0.472 when read against a blank containing all the components except benzoyl 
CoA. 


lowing non-enzymatic transfer reactions has been obtained by paper chro- 
matography (see Table III). 


(3) CoA-S-benzoyl + GSH — GS-benzoyl + CoA-SH 
(4)  CoA-S-benzoyl + thioglycolate — benzoyl thioglycolate + CoA-SH 


The reaction products were identified by the appearance on the chro- 
matograms of spots with Ry values corresponding to those listed in Table 
III. The samples of benzoyl] thioglycolate, whether prepared with benzoic 
anhydride or by the exchange reaction with benzoyl CoA, migrated at 
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identical rates. In contrast, the benzoyl derivative of glutathione prepared 
with benzoic anhydride migrated a little more rapidly in both solvent sys- 
tems (Ry in ethanol-acetic acid 0.24, in phenol-water 0.67) than did the 
corresponding product of the exchange reaction. The latter is presumed 
to be the monobenzoyl thiol ester of glutathione. Glutathione and its 
derivatives were detected on the chromatograms by reaction with nin- 
hydrin as well as with the nitroprusside reagent. 


TABLE III 


Chromatography of Various Sulfhydryl Compounds and Their 
S-Benzoyl Derivatives 








Solvent system 











Compound | 
| a Phenol-H20 (80:20) 
| 
Rr Rr “= 
COdsterseserivesrrtsaieeterarewererviees 0.04 * 
RMU MENTONNEIES Cg oe oN ws soo. oo 5.858 0.12 0.45 
PUIG EIV COAG 6.5 cosines Sas bie es ee oe e's | 0.76 0.51 
TEE TO Et C10. Uk anne Bo rh  e e | 0.07 0.43 
rf Mebbatbome a ei ce) 0.19 0.60 
¢). Moplycolate:... i 22.40.65.h.60e84 | 0.84 0.78 . 





For the demonstration of non-enzymatic benzoyl transfer, 3 um of benzoyl CoA 
were incubated with either 30 um of glutathione or 60 um of thioglycollate in 0.6 ml. 
at pH 7.5, temperature 37°, time 60 minutes. The final reaction mixtures were 
chromatographed on Whatman No. 1 paper with the indicated solvent system. CoA, 
thioglycolate, and their benzoyl derivatives were detected by the nitroprusside re- 
action (11), either directly or after hydrolysis with methanolic KOH. Glutathione 
and benzoyl glutathione were detected by the nitroprusside test and by reaction with 
ninhydrin. 

* No free —SH spot for CoA could be detected with the phenol-water solvent sys- 
tem. 


DISCUSSION 


In the experimental section it has been assumed that the product arising 
from the interaction of CoA and benzoic anhydride is a monobenzoy! deriv- 
ative of the coenzyme. Lacking a sample of sufficient purity to permit a 
proof of structure, we cannot exclude the possibility that groups other 
than the sulfhydryl are benzoylated as well by the procedure described. 
Consequently, the absorption spectrum in Fig. 2 and estimates of the purity 
of benzoyl CoA preparations must be regarded as tentative. However, 
evidence that the procedure yields the benzoyl mercaptan of CoA has been 
presented. In addition, data from the balance studies indicate that the 
S-benzoyl group is utilized directly in hippurate synthesis. 
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The availability of benzoyl CoA has made possible a definition of the 
essential factors in the final condensation reaction (Equation 2). In con- 
trast to the system studied by Chantrenne (3), in which ATP served as 
the energy donor, benzoyl CoA replaces the usual requirements for ben- 
zoate + CoA + ATP and, therefore, is considered to represent the acti- 
vated intermediate in hippurate synthesis. In accordance with the pro- 
posed mechanism for acetate activation (4, 20), the phosphate bond energy 
of ATP may be utilized in the preliminary formation of an appropriate 
phosphoryl CoA. A subsequent exchange of benzoyl for phosphate on 
the coenzyme would yield the activated intermediate. Since neither Mgt+ 
nor a reduced sulfhydryl compound is required in the final condensation 
reaction, these factors must be essential for the reactions leading to the 
formation of benzoyl CoA. Similarly, the inhibition of hippurate syn- 
thesis by carinamide and benemid in respiring or ATP-driven systems (16, 
17) must be due to an interference with benzoate activation rather than 
with the condensation reaction. In support of this view, unpublished ob- 
servations in this laboratory have shown that carinamide and benemid 
likewise interfere with the activation of acetate by ATP. 


SUMMARY 


A method for the S-benzoylation of coenzyme A by benzoic anhydride 
has been described. Evidence was presented that S-benzoyl CoA repre- 
sents the activated intermediate in the enzymatic synthesis of hippurate 
by a soluble pig kidney preparation. The essential factors in the conden- 
sation reaction were found to be limited to benzoyl CoA, glycine, and the 
enzyme. A spectrophotometric method for following the synthesis of hip- 
purate from benzoyl CoA and glycine was described. The benzoyl group 
of benzoyl CoA can be transferred non-enzymatically to cysteine, BAL, 
glutathione, or thioglycolate. While such transfer reactions can interfere 
with the synthesis of hippurate from benzoyl CoA in vitro, their physio- 
logical significance is not known at the present time. 
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THE PATH OF CARBON IN PHOTOSYNTHESIS 
XVIII. THE IDENTIFICATION OF NUCLEOTIDE COENZYMES* 
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anp MELVIN CALVIN 


(From the Radiation Laboratory and the Department of Chemistry, University of 
California, Berkeley, California) 


(Received for publication, January 12, 1953) 


The radioactive compounds to be observed when algae or green leaves 
are allowed to photosynthesize in CO, for short periods are almost all 
phosphorylated derivatives of sugars. Of these, phosphate esters of trioses, 
sedoheptulose, and fructose are the first to incorporate C“ and are followed 
closely by ribulose diphosphate, glucose-6-phosphate, and a phosphate of 
mannose. It has been noted, in earlier papers of this series (1), that on 
radiograms of the products of photosynthesis a dark area appeared in a 
position occupied by no known sugar phosphate. Extracts of the area 
gave glucose on very mild acid hydrolysis or on treatment with a phos- 
phatase preparation. This has hitherto been referred to as an ‘unknown 
glucose phosphate.”” It was found that this substance was more labile to 
acid than glucose-1-phosphate, itself a readily hydrolyzable phosphate, and 
furthermore that other labile glucose derivatives were formed as inter- 
mediates during the acid hydrolysis. Accumulation of labeled glucose in 
this area precedes that of labeled sucrose (1) and suggests a precursor 
relationship to sucrose synthesis. 

A closer study of this radioactive area, which becomes appreciable on 
radiograms only after about 30 seconds of normal photosynthesis by all of 
the plants studied in this laboratory, has shown that treatment with phos- 
phatase causes liberation of galactose and mannose, as well as glucose. 
Moreover, at least two weakly radioactive spots with high Ry values in 
phenol were noted, as well as traces of other sugars. When the original 
spot was extracted from a chromatogram of Scenedesmus (60 seconds in 
CO.) and rechromatographed, at least eight radioactive areas were found 
(Figs. 1 and 2) as a result of decomposition. Three of these were due to 
glucose, galactose, and mannose. ‘Two of the others each gave glucose and 
galactose, but no mannose, on hydrolysis by phosphatase. This behavior 
led us to suspect the presence of compounds of the uridine diphosphate 

* The work described in this paper was sponsored by the United States Atomic 
Energy Commission. 

} Present address, Lister Institute, London, England. 
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glucose! type, described in a series of papers by Leloir and his coworkers 
(2). Should radioactive uridine diphosphate glucose be present, one would 
expect the hexose moiety to contain the earliest incorporated carbon label. 
Our attention was therefore directed to the radioactive compounds pro- 
duced by treatment with phosphatase of substances derived from longer 
photosyntheses. It has been shown that uridine and some adenosine are 
products of the enzymatic dephosphorylation of the original unknowns from 
radioactive extracts from sugar-beet leaves (5 minutes in CQ.) and Chilo- 
rella (10 minutes in C“O,). The nature of the original form in which the 
adenosine appears on the chromatogram is still uncertain. Although the 
original unknown area is known to be the region in which ATP would be 
found, suitable enzymatic treatment of extracts of this area after a second 
purification by chromatography in a third solvent still yielded uridine as 
well as adenosine. 

The uridine has been identified by cochromatography with authentic 
uridine in a two-dimensional chromatogram as well as by its Rr value in 
two other solvent systems. The presence of adenosine has been shown by 


cochromatography with authentic adenosine and by enzymatic deamination | 


to inosine, identified by cochromatography and by its hydrolysis to give 
hypoxanthine and ribose. One phosphatase preparation used for enzyma- 
tic dephosphorylation was found to contain a deaminase. 


EXPERIMENTAL 


When the plant extract is chromatographed as a band in a one-dimen- 
sional chromatogram (phenol solvent) and the slow moving ultraviolet 
light-absorbing band is extracted and hydrolyzed with acid, at least three 
ultraviolet light-absorbing compounds are produced. ‘These are adenine, 
adenosine-5’-phosphate, and uridine-5’-phosphate. All three compounds 
have been characterized by their ultraviolet absorption spectra and Rr 
values in various solvents. The location of the phosphate group in the 
uridylic acid has been shown by its reaction with sodium periodate. The 
adenylic acid has the same R, value as adenosine-5’-phosphate (muscle 
adenylic acid), which differs from that of yeast adenylic acid in the butanol- 
propionic acid solvent and in a solvent containing boric acid. 

The radioactive compounds produced when an extract of the original 
spot is subjected to rechromatography have been examined. In particular, 
the two spots which yielded only glucose and galactose on dephosphoryla- 
tion were subjected to further study. They had properties reminiscent of 
the “fast ester” and “slow ester” of Paladini and Leloir (3), which have 
been shown to be, respectively, glucose-1 ,2-cyclic phosphate and a mixture 


1The following abbreviations are used: uridine diphosphate glucose, UDPG; 
adenosinetriphosphate, ATP; adenosinediphosphate, ADP. 
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of glucose-1- and glucose-2-phosphates. The corresponding phosphates of 
galactose have very similar properties. Glucose-1,2-cyclic phosphate was 
prepared by the action of ammonia on uridine diphosphate glucose, and 
cochromatographed with the suspected ‘“‘cyclic phosphate” radioactive ex- 
tract; t.e., that with Ry values nearly as great as those of glucose itself. 

We have attempted to chromatograph the original unknown in the eth- 
anol-ammonia solvent of Paladini and Leloir (3). It has not been possible 
to demonstrate quantitative conversion into cyclic phosphates, probably 
because of the insolubility of heavy metal phosphates in alkaline solvents.? 
The heavy metals themselves are extracted from the original two-dimen- 
sional chromatogram. 

The decomposition of the original unknown can be interpreted if it con- 
tains at least four compounds, as depicted in the accompanying diagram. 


(I) Phosphatase 
| —> uridine + glucose 





UDPG ———————> glucose-1,2-cyclic phosphate 


| | 





| | 








Uridine-5’- ————— uridine-5’-phosphate |—-—-» glucose-2-phosphate 
pyrophosphate | 
—_—» glucose <— glucose-1-phosphate 


(11) Same as I with galactose in place of glucose 





410) ATP —— ADP —— adenosine-5’-phosphate 
| t 
Phosphatase 
Polidase 
Inosine <——— adenosine 
| phosphatase 





(IV) A compound containing mannose 


The possible nature of the mannose-containing compound is of some 
interest. From its chromatographic behavior, it appears not to be a 1,6- 
diphosphate or a monophosphate of mannose. It may therefore be a 


2 Mr. A. T. Wilson, in these laboratories, has found that treatment of the original 
extract with ammonia results in the almost complete disappearance of the radioac- 
tive area below the ‘“‘hexose monophosphates”’ with the concomitant appearance 
of a spot in the ‘‘cyclic phosphate” area. 
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mannose-containing nucleotide of the UDPG type. When the extract of 
the “cyclic phosphate” area is hydrolyzed, glucose and galactose, but no 
mannose, are produced. Hydrolysis of material from the ‘‘2-phosphate”’ 
area, yields little or no mannose. Mannose differs from glucose and galac- 
tose in the configuration of the C2 hydroxyl group, which is concerned in 
cyclic phosphate formation in the case of glucose and galactose. If the man- 
nose is present in a compound of the UDPG type with the same glycosidic 
configuration (viz. a), then cyclic phosphate formation would be impossible 
and the mannose nucleotide could only decompose to give free mannose and 
possibly mannose-1-phosphate. Work is in progress to establish whether 
or not the mannose-containing compound is related in any way to that 
described by Leloir and Cabib (4), which gives mannose, guanine, and phos- 
phate on hydrolysis. 

After photosynthesis for some time (10 minutes or more) in C“O., many 
other compounds, probably sugars, are found when extracts of the original 
radioactive nucleotide area are hydrolyzed by phosphatase. Further in- 
vestigation of these products may lead to the identification of other com- 
pounds of the nucleotide sugar class. 

General—Except where otherwise stated, the chromatographic condi- 
tions and radioautograph technique were those used previously in this 
laboratory (5). The enzyme preparations used were Polidase-S (Schwarz 
Laboratories, Inc.) and phosphatase (General Biochemicals, Inc.). Both 
were used in | per cent solution, without buffer, and the incubations were 
carried out, under toluene, with 200 y of enzyme, for periods of 24 to 72 
hours at 35°. 

Characteristics of Unknown Radioactive Area—The area appears on all 
radiograms, such as that in Fig. 1, from green plants which have undergone 
photosynthesis in C“O.. Appreciable amounts of radioactivity accumulate 
only after 30 seconds with most plants. It is situated below the hexose 
monophosphate area and is well differentiated from this and the ribulose 
diphosphate area. 

Rechromatography of Unknown—The original unknown was eluted from 
a chromatogram after 60 seconds photosynthesis in Scenedesmus (Fig. 1). 
Eight radioactive areas were visible on the radioautograph (Fig. 2). The 
areas i’, 2, and 3 were treated with phosphatase and rechromatographed. 

Area 1 gave radioactive compounds in the positions characteristic of 
glucose, galactose, and mannose and of nucleosides (Fig. 3); 2 gave glucose 
and galactose; 3 gave glucose and galactose, with possibly a trace of man- 
nose. 

Identification of Hexose Sugars Produced by Acid Hydrolysis or Phospha- 
tase Treatment—In this experiment the unknown spot was obtained from 
Scenedesmus, and the hydrolysis was carried out enzymatically. Many 
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Fic. 1. Products of 60 second photosynthesis by Scenedesmus. C'* radiogram of 


two-dimensional paper chromatogram run in phenol and butanol-propionic acid. 
Components of the nucleotide area are described in the text. 
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Fic. 2. Rechromatography of uridine diphosphate glucose area 


other such identifications have been carried out with algae and green leaves, 
all with the same result. 

The extract of the area (60 seconds, Scenedesmus) was hydrolyzed with 
phosphatase. The hydrolysate was subjected to one-dimensional chroma- 
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tography in butanol-propionic acid, and the dried chromatogram exposed 
to film. Two main radioactive bands were observed when the film was 
developed. These were extracted together and divided into three equal 
samples. To each were added 100 y of glucose, galactose, and mannose 
respectively. Each sample was subjected to two-dimensional chromatog- 
raphy in phenol (first direction) and n-butanol-pyridine (second direction). 
The radiogram of each showed three spots, and one of the radioactive spots 
corresponded in position, size, and shape to the brown spot developed by 
the aniline hydrogen phthalate due to hexose carrier. Thus, the radio- 
active hexoses were identified as glucose, galactose, and mannose. The 
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Fig. 3. Phosphatase hydrolysate of area 1 


relative amounts of radioactivity in the three sugars can be seen from 
Fig. 3. 

Cochromatography of Cyclic Phosphate Area with Glucose-1 ,2-cyclic Phos- 
phate—Authentic glucose-1,2-cyclic phosphate was obtained by chroma- 
tography of UDPG? (Ba salt, 60 per cent pure, 1200 y) as a band in ethanol- 
ammonia. The cyclic phosphate, Rr 0.57, whose position was determined 
by spraying a test strip with phosphate reagent, was eluted and cochro- 
matographed in two dimensions with the unknown radioactive phosphate 
and with glucose and galactose (50 y of each). The solvents used were 
phenol and (¢er!-butanol-picric acid. The radioactive area was found to 
correspond exactly to the position of the added glucose-1 ,2-cyclic phos- 
phate. 

Identification of Uridine in Phosphatase Hydrolysate—The nucleotide area 


3 The authors are indebted to Professors H. M. Kalekar and L. F. Leloir for their 
generosity in making available samples of authentic uridine diphosphate glucose. 
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l from a longer photosynthetic experiment (5 minutes, sugar-beet leaves) 
3 was eluted and hydrolyzed with phosphatase. When the hydrolysate was 
l chromatographed in the standard solvents in addition to the above sugars, 
4 a radioactive spot (labeled uridine in Fig. 4) appeared below the orange dye, 
’ tropeolin. The radioactive area was eluted and the following experiments 
” were carried out. 
g Sample 1—Sample 1 and 25 y of each of the nucleosides cytidine, uridine, 
y adenosine, and guanosine were chromatographed in one dimension in 5 per 
. cent disodium hydrogen phosphate-isoamyl alcohol, by the technique of 
e 
a 
¢ 
‘URIDINE. 
~ 
INOSINE 
carers GIP" 
ny ewosmnatase: TREAT WENT 
Fig. 4. Phosphatase hydrolysate of uridine diphosphate glucose area from 5 
minute photosynthesis of sugar-beet leaf. 
ym 
Carter (6). Table I gives the Rr values found by radioautography and 
08- examination of the chromatogram under ultraviolet light. 
1a- The radioactive spot was coincident with the leading edge of the cyti- 
ol- dine, uridine spot. 
1ed Sample 2—Uridine (50 y) was added, and the solution chromatographed 
ro- in fert-butanol-HCl. The Re value of the radioactive spot was 0.58, ex- 
ate actly coincident with the ultraviolet absorption. An extract of the area 
ere was subjected to two-dimensional chromatography in the standard solvents. 
to | After exposure to film, the chromatogram was sprayed with sodium perio- 
os- | date according to the method of Buchanan, Dekker, and Long (7). The 
_ color with Schiff’s reagent was allowed to develop at room temperature. 
rea | After 3 days, a strong blue-purple spot was apparent, exactly coincident 
sti with the radioactivity (Fig. 5). 


ie. Identification of Inosine in Phosphatase Hydrolysate—The radioactive nu- 
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cleotide area from a 5 minute chromatogram of sugar-beet leaf was treated 
with phosphatase and rechromatographed. A radioactive spot beyond uri- 


TaBLeE I 


Rr Values of Radioactive Hydrolysis Products in & Per Cent Disodium 
Hydrogen Phosphate-Isoamyl Alcohol 


Ultraviolet-absorbing Radioactivity observed 


Compound Reported Rp values* pertenpede te -© | on phosphatase treat- 

areas of added carrier | ment of nucleotide area 
—_— |—— 

PRO OROBING s.5.6.0.5.6.5 7.06.0 b eee 0.54 0.54 

GUAMOBING \...25 6k. aed. 0.62 0.64 

Cytidine. 0.76 ) 

ERS. eee a ae? ‘ 0.80 0.80 
SPMIARINGL, cc ae cfomiee eee 0.79 f 


* By the procedure of Carter (6). 
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Fic. 5. Identification of uridine by cochromatography 


dine (labeled inosine in Fig. 4) was extracted and cochromatographed with 
inosine (50 y, prepared by enzymatic deamination of adenosine). The 
darkened area on the radioautograph and the spot produced by the peri- 
odate-Schiff’s reagent spray were coincident. 

An identical nucleoside area (labeled inosine in Fig. 4) was eluted from 
a chromatogram and chromatographed with cytidine, uridine, guanosine, 
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and adenosine carriers (25 y of each) in 5 per cent disodium hydrogen 
phosphate-isoamyl alcohol by the technique of Carter (6). The Rr value 
was 0.71, which did not correspond to that of any of the carriers (see Table 
I). 

Another sample of extract from this nucleoside area, together with 100 
y of hypoxanthine, 100 y of ribose, and 100 y of uridine, was hydrolyzed 
in N HCl at 100° for 10 minutes. The hydrolysate was chromatographed 
in the standard solvents and exposed to film. Two radioactive spots were 
observed. One was coincident with the hypoxanthine spot (seen under 
ultraviolet light) and the other was coincident with the ribose, detected by 
means of the aniline hydrogen phthalate spray. 

Adenosine (50 y) was treated with phosphatase and chromatographed in 
disodium hydrogen phosphate-isoamyl alcohol (6). Only one compound 
was visible under ultraviolet light. It had an Rp value of 0.70. Adeno- 
sine and uridine, on the same chromatogram, had Fy values of 0.53 and 
0.79 respectively. The enzyme-treated compound had an absorption spec- 
trum (in 0.1 N HCl) nearly identical with that of hypoxanthine, the free 
base, with a maximum at 250 my and was undoubtedly inosine. Hy- 
poxanthine has an Ry, value close to that of adenosine in this solvent. 
The specificity of the deaminase present in the phosphatase preparation 
has not been determined. 

Another sample of this nucleoside area was obtained from a chromato- 
gram of a phosphatase-treated Scenedesmus (60 seconds in CO.) nucleo- 
tide area and rechromatographed in one dimension in n-butanol-propionic 
acid. An ultraviolet light-absorbing spot, containing very little radioac- 
tivity, was seen at an Fy value slightly higher than that of the free sugars. 
It was extracted and the extract hydrolyzed with N HCl at 100° for 15 
minutes. The solution was chromatographed in n-butanol-propionic acid, 
in which it was found to give a spot of the same Ry value (0.31) as hy- 
poxanthine (0.30). This was eluted from the chromatogram and chro- 
matographed in 5 per cent disodium hydrogen phosphate-isoamyl alcohol, 
in which it also had the same Ry value (0.58) as hypoxanthine (0.55). 
The Re value of adenine was 0.39. The compound, when extracted from 
the chromatogram, had an ultraviolet absorption maximum (in 0.1 N HCl) 
at 248 my (hypoxanthine, under the same conditions, 249 my). 

Identification of Adenosine in Polidase S Hydrolysate—The radioactive 
nucleotide area from a 10 minute Chlorella chromatogram was extracted 
and rechromatographed in ethanol-ammonium acetate at pH 7.5. The 
slowest moving radioactive, ultraviolet light-absorbing spot, which had the 
same Ry value as ATP in this solvent, was extracted and treated with 
polidase 8. On rechromatography in two dimensions in the standard sol- 
vents, three spots of approximately equal radioactivity were produced. 
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These were identified as ribose, uridine, and adenosine by cochromatogra- 
phy with authentic specimens. 

Identification of Adenine in Acid Hydrolysate—The extract from Scenedes- 
mus (1.5 gm., wet weight) after photosynthesis for 2 minutes in CQ» was 
chromatographed in phenol as a band. After thorough drying a slow 
moving radioactive band exhibiting ultraviolet absorption was observed. 
No other ultraviolet light-absorbing bands were visible. The band was 
extracted and the extract hydrolyzed with Nn HCl for 10 minutes at 100°, 
The hydrolysate was chromatographed in n-butanol-propionic acid. Two 
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Fic. 6. Separation of adenylic and uridylic acids from acid hydrolysate of com- 
pounds in uridine diphosphate glucose area. 


ultraviolet light-absorbing bands, A and B, which were also radioactive, 
were observed. 

The faster moving band, A, was extracted and chromatographed in (er!- 
butanol-HCl, in which it gave a spot of Rr 0.29 (adenine 0.29, adenosine 
0.27). The extract of the spot was found to have an ultraviolet absorption 
spectrum measured in 0.1 N HCl (maximum 262 my) and 0.1 N NaOH 
(maximum 268 my) identical with the spectrum of adenine sulfate under 
the same conditions. 

Identification of Adenosine-5'-phosphate in Acid Hydrolysate—The slower 
moving band, B, was extracted and chromatographed in two dimensions in 
the standard solvents. Two ultraviolet light-absorbing, radioactive spots 
were produced, in the positions expected for an adenylic acid and a uridylic 
acid in these solvents (Fig. 6). 
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The faster moving spot was extracted, and the ultraviolet absorption 
spectrum, measured in 0.1 N HCl, was found to have a maximum at 259 
my, corresponding to that of adenosine-5’-phosphate. The latter had an 
Ry in the butanol-propionic acid solvent (0.12) which corresponded to that 
of the unknown, while carrier adenosine-3-phosphate had an R, of 0.20 in 
the same solvent and was readily separable. 

Identification of Uridine-5’-phosphate in Acid Hydrolysate—The spot sus- 
pected to be uridylic acid (see above) was eluted (ultraviolet maximum 
261 mu) and cochromatographed with authentic yeast uridylic acid (uri- 
dine-3’-phosphate) (50 7) and uridine-5’-phosphate* (50 y) with the bu- 
tanol-propionic acid solvent. The radioactivity coincided with the ultra- 
violet absorption by the uridine-5’-phosphate (Rr 0.10) and not with that 
of yeast uridylic acid (Rr 0.20). Addition of 500 y of sodium metaperio- 
date to the unknown for 30 minutes before chromatography resulted in a 
radioactive product with the same Ry value (0.47) as that obtained from 
reaction with authentic uridine-5’-phosphate. Periodatehad noeffect upon 
the Ry of yeast uridylic acid. 

SUMMARY 


1. Uridine diphosphate glucose has been identified in green plants. Evi- 
dence is presented for the presence of uridine diphosphate galactose as well. 

2. The hexoses of these compounds become labeled rapidly during photo- 
synthesis in CO, and constitute a large fraction of the total labeled non- 
polysaccharide hexose. 

3. A mannose-containing compound chromatographically similar to a 
nucleotide is present. 

4. Evidence is presented for the presence of an adenosine-containing 
nucleotide other than adenosinetriphosphate, adenosinediphosphate, or ad- 
enylic acid. 
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‘ Uridine monophosphates were kindly supplied by Dr. W. Cohn. 
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THE RESPONSE OF INTESTINAL ALKALINE PHOSPHATASE 
OF FASTED RATS TO FORCED FEEDING OF FAT* 


By JULES TUBA anp MARGARET I. ROBINSON 
(From the Department of Biochemistry, University of Alberta, Edmonton, Canada) 


(Received for publication, February 4, 1953) 


The levels of intestinal and serum alkaline phosphatase are significantly 
decreased in fasted rats (1-4), and there is an increase in the activity of 
both enzymes following the feeding of fat (2, 5-7). It has been demon- 
strated that the increased amounts of the serum enzyme, associated with 
the ingestion of fat, are derived from the intestine (3, 4). 

The nature of protein in the diet, when supplied in adequate amounts, 
does not affect the levels of serum alkaline phosphatase of growing or adult 
rats (8). However, protein depletion decreases the activity of the en- 
zyme in the liver (9-11) and smail intestine (12) of adult rats. The follow- 
ing experiment was designed to determine the ability of the intestine to 
synthesize alkaline phosphatase in rats which had been subjected to pro- 
tein depletion by fasting for 2, 6, or 12 days and then forcibly fed fat. 


EXPERIMENTAL 


Adult, male albino rats were placed in individual cages and maintained 
on a diet of Purina fox checkers and water ad libitum for at least 3 days 
before an experiment. During fasting periods water was always available. 
At the termination of a fast the animals were fed 1 ml. of olive oil, or 1 ml. 
of water in the case of controls, by blowing the liquid through a pipette 
directly into the esophagus. 

A preliminary experiment was carried out to establish the optimal time 
after forced feeding for determination of serum and intestinal alkaline 
phosphatase. Rats were fasted for 1, 2, 4, and 6 days and killed 4, 8, and 
12 hours after they were forcibly fed. There are diurnal variations in 
the levels of both the serum and the intestinal enzyme, and for this reason 
the animals were always killed at 4 p.m. It was found in this preliminary 
experiment that the optimal time for obtaining the full effect of olive oil 
on the activity of serum and intestinal alkaline phosphatase was 8 hours 
after forced feeding. 

The animals were killed by decapitation and the serum was separated 
at once and stored in the refrigerator. In each case the first 10 cm. of the 
intestine from the pylorus were removed and kept on ice. This portion 
of the intestine was washed with distilled water, blotted dry, weighed, and 


* Supported by a grant from the National Research Council of Canada. 
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then homogenized with cold distilled water in a Potter glass homogenizer, 
The concentrated homogenate was stored overnight in the refrigerator 
in a 250 ml. volumetric flask. In the morning each homogenate was made 
up to volume and shaken. Part of the homogenate was centrifuged and 
an aliquot of the supernatant fluid was diluted 10 times for determination 
of phosphatase activity (4). 

The alkaline phosphatase activity of the intestine and the serum was 
determined by the micromethod of Shinowara, Jones, and Reinhart (13) 
as modified by Gould and Schwachman (14). The unit of phosphatase 
activity is defined as equivalent to 1 mg. of phosphorus as phosphate ion 
liberated during 1 hour of incubation at 37° with a substrate containing 
sodium -glycerophosphate, hydrolysis not exceeding 10 per cent of the 
substrate, and at pH 9.3 + 0.15 (4). 

Four groups of rats were selected, and they were paired within groups 
according to body weight at the beginning of the experiment. One group 
was maintained on the regular laboratory diet, while the remaining three 
groups were fasted for 2, 6, and 12 days respectively. On the final day the 
animals were weighed at 8 a.m. and in the fasted groups one of the paired 
rats was fed 1 ml. of water and the other animal was given 1 ml. of olive 
oil. 8 hours subsequently all the rats were decapitated. Serum was col- 
lected and the usual portion of the small intestine was homogenized as 
before. Each liver was extirpated and homogenized in a Waring blendor, 
and the homogenate was made up to 200 ml. with water. A 10 ml. aliquot 
of each liver homogenate was used for a macro-Kjeldahl determination of 
the nitrogen content. The enzyme levels in the intestine and serum and 
the nitrogen content of the liver were determined for each animal. The 
values of the liver nitrogen and intestinal alkaline phosphatase are ex- 
pressed on the basis of 100 gm. of initial body weight (9). In this way it 
is possible to compare the data obtained from animals fasted for different 
periods and to allow for the weight losses undergone by the tissues. 


Results 


The data of Table I indicate that the values of intestinal and serum 
alkaline phosphatase fell sharply as a result of a 2 day fast and continued 
at approximately the same low levels through more extended periods of 
food deprivation. The greatest fall in liver nitrogen occurred during the 
first 2 days of fasting, but a fairly steady decline in protein levels continued 
when the rats were fasted for 6 and 12 day periods. The liver protein 
values are significantly different for the animals fasted for 0, 2, 6, and 12 


days. ‘The loss of liver protein in the fasting rats is paralleled by the de- | 


creased protein content of homogenates of whole intestine (the first 10 
cm. of intestine from the pylorus). These last data are not included in 
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Table I. The mean intestinal nitrogen (mg. per 100 gm. of initial body 
weight) for groups of three animals fasted 0, 2, 6, and 12 days was, re- 
spectively, 7.95 + 0.37, 6.98 + 0.38, 5.70 + 0.11, and 5.37 + 0.07. 

In all three fasted groups the levels of serum alkaline phosphatase were 
elevated after the feeding of olive oil. However, the response was pro- 
gressively lessened with longer periods of fasting. On the other hand, the 


TaBLeE [ 


Effect of Olive Oil on Alkaline Phosphatase Levels of Serum and Intestine 
of Rats Fasted for Various Periods of Time* 








Fasting Body weight Liver N per Intestinal =. Serum phos- 
period Substance fed ‘ 100 gm. initial body|phatase per 100 gm.| phatase per 

Initial Final weight initial body weight 100 ml. 

days gm. gm. mg. units units 
0 242 121.1 1014 88.7 
+3.9 +57 +8.1 
2 Water 294 261 82.8 683 22.5 
(14) | (14) £1.1 +77 £11 

(14) (3) (3) 
Olive oil 1238 97.6 
+340 +2.1 

(3) (3) 
6 Water 305 226 65.7 540 30.8 
(24) (24) +1.4 +30 +3.3 

(24) 
Olive oil 323 70.9 
+34 +10.5 
12 Water 283 175 51.5 549 24.6 
(20) (20) +1.7 +19 +1.8 
(20) 

Olive oil 277 54.5 
+18 +4.6 























* The data are mean values of each group, plus or minus the standard error of 
the mean; the figures in parentheses represent the number of rats per group. 


group fasted for 2 days showed an approximately 100 per cent elevation of 
intestinal phosphatase activity following the ingestion of olive oil, but those 
fasted for 6 and 12 days manifested exactly the opposite response to the 
forced feeding of fat. 


DISCUSSION 


It has once more been demonstrated that the alkaline phosphatase of 
rat serum is composed of a fraction which is unaffected by fasting and a 
second, larger portion, which responds relatively quickly to fasting and the 
ingestion of fat. This variable or adaptive fraction appears to be largely 
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derived from the intestine (4), where it seems to be essential in the ab- 
sorption of fat (2, 5-7, 15). Intestinal alkaline phosphatase also is made 
up of a part which varies with the diet and nutritive state, as well as a 
non-adaptive fraction which remains reasonably constant even after periods 
of prolonged fasting up to 12 days. These constant reserves of the enzyme 
appear to assist in the absorption of fats, since in our experiments ingestion 
of fat was always followed by increased levels of serum phosphatase. This 
is borne out by the work of Flock and Bollman (7), who found that fat 
and phosphatase are removed from the intestine by the lymphatic system. 
In the case of the animals which were fasted for 2 days only, ingestion of fat 
appears to be a stimulus for the synthesis of alkaline phosphatase over and 
above amounts required for maintenance of the basic reserves in the 
intestine. Animals fasted for a longer time have had their protein re- 
serves depleted in liver and intestine to the extent that they have lost the 
ability to synthesize sufficient enzyme to replace even that portion of the 
non-adaptive enzyme which has been translocated by way of the lymph, 
during fat absorption, to the plasma. This is in agreement with the 
previous work of Miller (9), who found that the concentrations of five 
liver enzymes, including alkaline phosphatase, were lowered in animals 
subjected to protein deprivation. Lawrie and Yudkin (12) noted that 
inadequate dietary protein intake was reflected in lowered concentration 
of intestinal alkaline phosphatase. 


SUMMARY 


1. Rat intestinal alkaline phosphatase consists of an adaptive portion 
which varies with the dietary state, and a non-adaptive fraction which 
remains constant even during prolonged fasting. 

2. The adaptive enzyme is probably translocated, during fat absorption, 
by the lymphatic route and thus serves to elevate serum levels of alkaline 
phosphatase. 

3. Protein reserves in the liver and intestine can be lowered by pro- 
longed fasting to the extent that the ingestion of fat, the normal stimulus 
for further synthesis of the intestinal enzyme, cannot produce complete 
replacement of the non-adaptive enzyme which has been lost to the serum. 


BIBLIOGRAPHY 


. Weil, L., and Russell, M. A., J. Biol. Chem., 136, 9 (1940). 

. Cantor, M. M., Wight, P. A., and Tuba, J., Tr. Roy. Soc. Canada, Sect. 6, 42, 51 
(1948). 

. Flock, E. V., and Bollman, J. L., J. Biol. Chem., 176, 439 (1948). 

. Madsen, N. B., and Tuba, J., J. Biol. Chem., 195, 741 (1952). 

. Gould, B. S., Arch. Biochem., 4, 175 (1944). 

. Tuba, J., and Shaw, R. K., Canad. J. Res., Sect. E, 28, 41 (1950). 


noe 


om» Ww 








b- 
de 
a 
ds 
me 
on 
his 
fat 


fat 
nd 
the 
re- 
the 
the 
ph, 
the 
ive 
als 
hat 


ion 


‘ion 
Lich 


ion, 
line 


pro- 
ulus 
lete 
um. 











J. TUBA AND M. I. ROBINSON ? 951 


7. Flock, E. V., and Bollman, J. L., J. Biol. Chem., 184, 523 (1950). 


8 


9 


. Tuba, J., Jelinek, B., Shaw, R. K., and Madsen, N. B., Canad. J. Med. Sc., 30, 
378 (1952). 

. Miller, L. L., J. Biol. Chem., 186, 253 (1950). 

. Ely, J. O., and Ross, M. H., Nature, 168, 323 (1951). 

. Rosenthal, O., Fahl, J. C., and Vars, H. M., J. Biol. Chem., 194, 299 (1952). 

. Lawrie, N. R., and Yudkin, J., Biochem. J., 45, 438 (1949). 

. Shinowara, G. Y., Jones, L. M., and Reinhart, H. L., J. Biol. Chem., 142, 921 
(1942). 

. Gould, B. S., and Schwachman, H., J. Biol. Chem., 161, 439 (1943). 

. Taylor, J. D., Madsen, N. B., and Tuba, J., Canad. J. Med. Sc., 30, 308 (1952). 





(Fi 


qu 
sti 
pk 
tit 
L-| 
in 
et! 
tu 


pa 








wwtaaa 





ASSAY OF t-PHENYLALANINE AS PHENYLETHYLAMINE 
AFTER ENZYMATIC DECARBOXYLATION ; APPLICATION 
TO ISOTOPIC STUDIES 


By SIDNEY UDENFRIEND anv JACK R. COOPER* 


(From the Laboratory of Chemical Pharmacology, National Heart Institute, National 
Institutes of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, February 19, 1953) 


Procedures have been reported for the use of specific bacterial decar- 
boxylases to assay individual amino acids by measurement of the CO, 
evolved (1). Since 1 mole of amine is formed for each mole of amino acid 
decarboxylated, it should also be possible to estimate the amount of amino 
acid from the quantity of amine formed. When t-phenylalanine is decar- 
boxylated by L-phenylalanine decarboxylase, phenylethylamine is formed. 
Measurement of the phenylethylamine offers certain advantages over meas- 
urement of the CO2. The amine can still be identified structurally with 
the parent amino acid and has solubility characteristics which permit it to 
be separated from all unchanged amino acids and from many other amines. 
The employment of enzymatic CO, evolution as a specific assay method 
necessitates the use of highly purified enzyme preparations to remove other 
decarboxylases and other sources of CO,. Formation of phenylethylamine 
can only be due to the presence of phenylalanine. Since the amine can be 
separated from unchanged amino acids and from other amines, it is possible 
to use unpurified extracts as sources of decarboxylase activity. A further 
advantage of the amine procedure is the increased sensitivity (0.01 um) 
compared with that of the CO. method (1.0 um). 

With larger samples and more decarboxylase it is possible to form mg. 
quantities of phenylethylamine from t-phenylalanine. In radioactive 
studies it is therefore possible to obtain from an amino acid mixture the 
phenylethylamine, corresponding to the L-phenylalanine, in sufficient quan- 
tity and purity to perform isotopic measurements. 

In this communication there are reported two analytical applications of 
L-phenylalanine decarboxylase: (1) the determination of L-phenylalanine 
in tissues and protein hydrolysates and (2) the isolation of pure phenyl- 
ethylamine hydrochloride for isotopic measurement from amino acid mix- 
tures containing isotopic L-phenylalanine. 

L-Phenylalanine Assay wr 

The method for the determination of L-phenylalanine reported in this 

paper is based on decarboxylation of the amino acid by an acetone powder 


* Public Health Service Research Fellow of the National Institutes of Health. 
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preparation of Streptococcus faecalis. The resulting phenylethylamine is 
extracted into chloroform and assayed by a modification of the methyl 
orange procedure of Brodie and Udenfriend (2). 

Reagents and Materials— 

An acetone-dried powder of S. faecalis was prepared by the method of 
Epps (3). This preparation is stable for at least 8 months when kept at 
—10°. A 15 liter carboy of medium inoculated with S. faecalis will yield 
approximately 11 gm. of powder. The powder is suspended in water im- 
mediately before use, 50 mg. per ml. of water. 

0.7 m citrate buffer, pH 5.5. 

10 n NaOH. 

0.00100 m t-phenylalanine. This standard solution is stable indefi- 
nitely when stored in the cold. 

Chloroform containing 3.3 per cent isoamyl alcohol. The solvents 
are washed successively with 1 n NaOH, 1 nN HCl, and twice with water 
before mixing. 

Methyl orange reagent. 500 mg. of methyl orange are dissolved in 100 
ml. of warm H.0. The resulting solution is washed several times with an 
equal volume of chloroform. The methyl orange reagent is made by dilut- 
ing this solution with an equal volume of saturated boric acid solution. 
This dilution is made just prior to using, since the methyl orange precipi- 
tates within an hour. 

Alcoholic H.SO, solution. 2 ml. of concentrated H.SO, in 100 ml. 
of absolute alcohol. 

Procedure—To 2 ml. of a solution containing 0.03 to 0.30 um of L-phenyl- 
alanine in a 60 ml. glass-stoppered bottle, add 0.5 ml. of 0.7 citrate buffer, 
pH 5.5, and 0.5 ml. of the S. faecalis suspension. Incubate the bottle at 
37°, with shaking, for 2 hours. After cooling add 0.3 ml. of 10 n NaOH 
and 15 ml. of the CHCl;-isoamyl alcohol reagent and shake the bottle for 5 
minutes. Transfer the contents of the bottle to a test-tube and centrifuge 
for 2 minutes. Remove the upper aqueous phase by aspiration with a 
fine tipped pipette. Transfer as much of the chloroform phase as possible 
into a 15 ml. glass-stoppered tube, carefully avoiding any of the alkaline 
aqueous phase which may remain on the walls of the tube. Add 0.5 ml. 
of the methyl orange reagent and shake the tube for 2 minutes. Centrifuge 
the tube at high speed and completely remove the excess methyl orange 
by aspiration with a fine tipped pipette. Transfer 10 ml. of the solvent 
phase to a colorimeter tube containing 2 ml. of the alcoholic H2SQ, solution. 
Mix the contents of the tube and determine the optical density in a color- 
imeter at 540 my. Standards are run through the entire procedure for 
comparison, optical density being proportional to concentration. 

To determine L-phenylalanine in plasma or in tissue extracts, it is neces- 
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sary to deproteinize the sample. Add 0.1 volume of 1 N HCl and heat in a 
boiling water bath for 3 minutes. Neutralize the sample by the addition 
of 0.1 volume of 1 N NaOH and remove the proteins by centrifugation. 
An appropriate aliquot of the supernatant fluid is then assayed by the 
above procedure. No phenylalanine is lost on precipitation of the proteins 








TasBLeE I 
Recovery of u-Phenylalanine from Plasma, Liver Homogenate, and Simulated Protein 
Hydrolysate 
Tasus a aie” ip Recovery 
uM pM per cent 

Liver extract* (rat) 0.000 0.093 
0.100 0.201 104 
0.100 0.218 112 
0.200 0.324 110 
0.200 0.311 106 
0.400 0.476 97 
0.400 0.502 102 

Plasmat (dog) 0.000 0.117 
0.100 0.219 101 
0.100 0.224 103 
0.200 0.313 99 
0.200 0.320 101 

Simulated protein hydrolysatet 0.00 0.00 
0.30 0.34 112 
0.30 0.31 103 
0.30 0.29 97 
0.30 0.31 103 














* 0.2 ml. of supernatant fluid from a liver homogenate, equivalent to 40 mg. of 
the original wet tissue. 


+ 0.60 ml. of dog plasma was used. 


tA solution of amino acids similar in composition to a hydrolysate of serum 
albumin, without phenylalanine. 


in this manner.’ In Table I are presented the recoveries of known amounts 
of phenylalanine added to a liver extract and to plasma. 

Specificity of Method As Applied to Plasma—t-Phenylalanine and tyro- 
sine are the only known amino acids which are decarboxylated by acetone- 
dried S. faecalis preparations. Tyramine, the product derived from tyro- 
sine, does not react with the methyl orange reagent. 

The specificity of the method for plasma was examined by the technique 
of counter-current distribution. A large sample of dog plasma filtrate was 
incubated with the decarboxylase preparation and then extracted into chlo- 
roform containing 3.3 per cent isoamyl alcohol, as described in the method 
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for plasma. The apparent phenylethylamine was subjected to an eight 
transfer counter-current distribution with the solvents, chloroform contain- 
ing 3.3 per cent isoamyl alcohol, and 0.5 m borate buffer, pH 8.1. With 
these solvents phenylethylamine was distributed about equally between 
the two phases. In Table II is shown the total amount of apparent phenyl- 
ethylamine in each funnel together with the fraction present in the chloro- 


TABLE II 


Counter-Current Distribution of Apparent Phenylethylamine Produced by Treatment of 
Plasma Filtrate with S. faecalis 

The apparent phenylethylamine was extracted from the S. faecalis-treated plasma 
filtrate into the organic solvent, as described in the chemical method, and was sub- 
jected to an eight transfer counter-current distribution between chloroform contain- 
ing 3.3 per cent isoamy] alcohol and 0.5 m borate buffer, pH 8.1. The partition ratio 
of apparent phenylethylamine in each funnel as determined by reaction with methyl] 
orange is expressed as the ratio of the amount in the chloroform phase to the total 
amount in both phases. Only Funnels 1, 2, and 9 show significant material with solu- 
bility characteristics differing from pure phenylethylamine. The amount of non- 
phenylethylamine was calculated to be less than 3 per cent (see the text). 














Apparent phenylethylamine 
Separatory funnel No. 
Per funnel Fraction in chloroform phase* 
uM 
| 0.05 0.09 
2 0.06 0.36 
3 0.25 0.54 
4 0.54 0.56 
5 0.91 0.60 
6 1.00 0.59 
7 0.65 0.57 
8 0.25 0.60 
9 0.11 0.91 
OTA eS ysrd spditnais sleleaiererd ate sais 3.82 








* When pure phenylethylamine was distributed between the solvent pair, the frac- 
tion in the chloroform phase was 0.58. 


form phase. Except in the end funnels, which contained only a small 
percentage of the total material, the ratio of the amount of material in the 
chloroform phase to the total amount in both phases was constant and 
almost identical with that found for authentic phenylethylamine measured 
at the same time with the same batch of equilibrated solvents. A small 
amount of non-phenylethylamine material was found in Funnels 1, 2, and 
9. The theoretical amount of phenylethylamine that should be present in 
these funnels was calculated from the measured partition ratio of phenyl- 
ethylamine by application of the binomial expansion in the manner de- 


scl 
pM 


ch 
tri 
de 
dri 
Fu 
ing 


wl 
to 


pa 


8a) 
sel 


ta 
et] 


me 
thr 





YIM 


ht 
in- 
ith 
en 
yl- 
ro- 


t of 


ma 
ub- 
Vins 
itio 

hyl 
tal 
olu- 
\on- 





ase* 


frac- 


mall 
. the 
and 
ured 
mall 
and 
nt in 
anyl- 
> de- 





S. UDENFRIEND AND J. R. COOPER 957 


scribed by Williamson and Craig (4). In all only about 0.11 um of 3.82 
uM was non-phenylethylamine, less than 3 per cent of the total. 

A further check on the specificity of the method was obtained by paper 
chromatography. An aliquot of each funnel, in the counter-current dis- 
tribution outlined above, was dried on paper and chromatograms were 
developed with a mixture of butanol-propionic acid-water (5:3:2). The 
dried chromatograms were sprayed with ninhydrin. With samples from 
Funnels 3 to 8 a single spot appeared, having the color and R, correspond- 
ing to phenylethylamine. 

p-Phenylalanine yields no measurable amounts of phenylethylamine 
when carried through this procedure. The method can therefore be used 
to determine L-phenylalanine in the presence of its optical isomer. 

Analysis of Protein Hydrolysates—A solution of amino acids was pre- 
pared which simulated in composition an acid hydrolysate of serum albu- 








TaBLeE III 
Phenylalanine in Proteins 
Protein | Procedure | Phenylalanine per 100 gm. protein 
eae Ree Oe 2 ee bsnl mg gm. 
Bovine serum albumin Present procedure | 6.0 + 0.2 
| Microbiological (6)* 6.4 
is (7)* 6.1 
Chromatographic (8)* 6.59 
Human serum albumin Present procedure 6.7 + 0.2 








* Bibliographic reference number. 


min, without phenvlalanine. When assayed for phenylalanine, this solu- 
tion yielded zero values; when phenylalanine was added, it could be 
determined quantitatively (Table I). 

Samples of bovine serum albumin (Armour lot H10510) and human 
serum albumin! were hydrolyzed in 6 M HCl at 115°, in sealed tubes for 16 
hours. Aliquots of the hydrolysates were neutralized to pH 5.5 and as- 
sayed for L-phenylalanine. The results of these determinations are pre- 
sented in Table IIT. 


Isolation of Phenylethylamine Hydrochloride for Isotopic Studies 


The following procedure has been applied to protein hydrolysates con- 
taining radioactive phenylalanine and found to yield consistently phenyl- 
ethylamine hydrochloride of high chemical and isotopic purity. 


' The human serum albumin used was Preparation 10 (5) prepared in the Depart- 
ment of Physical Chemistry at the Harvard Medical School. It was made available 
through the generosity of Dr. H. A. Saroff. 
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Hydrolysis of Protein—0.2 to 1.0 gm. of dried plasma protein is hydro- 
lyzed in a sealed tube in 3 ml. of 6 Nn HCl at 110° for 16 hours. After 
hydrolysis most of the acid is neutralized by addition of 2.5 ml. of 6 n 
NaOH and 5 ml. of alcohol are added, followed by 80 ml. of acetone. The 
precipitated salts and amino acids are removed by filtration, and the solu- 
tion containing the major portion of the aromatic amino acids is evaporated 
on a boiling water bath to a volume of about 3 to 4 ml. Several drops of 
dilute alkali are added to adjust the pH to about 5.5 and the tyrosine 
which precipitates is removed by centrifugation. The supernatant fluid is 
transferred to a flask containing 3 ml. of 0.2 m citrate buffer, pH 5.5, and 
75 mg. of dried S. faecalis and shaken on a Dubnoff metabolic incubator 
for 8 hours at 35°. After incubation the mixture is acidified by addition 
of 1 ml. of 6 N HCl, warmed to precipitate proteins, and centrifuged. The 


TaBLeE IV 


Molecular Extinctions of Isolated Phenylethylamine Hydrochloride and Synthetic 
Material 





Molecular extinction X 10? 





Wave-length a 
Synthetic 





standaid Sample 1 | Sample 2 Sample 3 
mu | a 
240 0.80 0.78 | 0.79 0.78 
250 1.58 1.56 1.57 1.56 
260 2.16 2.13 2.17 2.15 


270 0.57 0.56 0.56 0.56 


supernatant fluid is made alkaline by addition of 1 ml. of 10 n NaOH, 
transferred to a separatory funnel, and extracted with 100 ml. of ether. 
The aqueous phase is discarded and the ether layer is shaken three times 
with equal volumes of 0.1 N NaOH to remove traces of tyramine? and then 
twice with water to remove traces of alkali. The ether layer is then ex- 
tracted three times with 3 ml. portions of 0.1 N HCl, and the pooled acid 
extracts are evaporated to dryness on a steam bath. The residue, which 
should be absolutely dry, is dissolved in 1 ml. of absolute alcohol, to which 
are added 20 ml. of anhydrous ether to precipitate phenylethylamine hy- 
drochloride. The material at this stage is chemically pure, as shown by a 
comparison of the molecular extinction of isolated experimental samples 
with that of pure phenylethylamine hydrochloride (Table IV). Phenyl- 


2 Acetone-dried preparations of S. faecalis contain u-tyrosine decarboxylase, 
which converts any tyrosine present to tyramine. The phenolic nature of the 
tyramine permits ready separation from the phenylethylamine. 
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ethylamine hydrochloride when isolated in this manner from serum pro- 
teins of animals and patients to which 3-C-pL-phenylalanine had been 
administered is isotopically homogeneous, as indicated by the constancy of 
specific activity after successive crystallizations. 


DISCUSSION 


Phenylalanine decarboxylase activity varies from one S. faecalis prepara- 
tion to another. With some preparations almost complete decarboxylation 
occurred within 30 minutes, while with others only 75 to 95 per cent de- 
carboxylation took place in 2 hours regardless of the amount of acetone 
powder employed. The simplest explanation for these low values is the 
presence in the crude acetone powder of other enzymes, such as trans- 
aminases, which also act on phenylalanine. The presence of a competing 
transaminase was indirectly shown by demonstrating inhibition of phenyl- 
ethylamine formation by the addition of a-ketoglutarate. With each prep- 
aration, the per cent of phenylethylamine obtained from any given amount 
of phenylalanine remained fairly constant from day today. The unknown 
samples were always calculated with respect to phenylalanine standards 
that were simultaneously run through the procedure. 

The procedure for the determination of phenylalanine is inherently more 
specific than either the microbiological assay (6) or the nitration method 
(9). No distinction among phenylalanine, phenylalanine peptides, phenyl- 
pyruvic acid, and phenyllactic acid can be made by microbiological assay; 
many aromatic compounds react like phenylalanine to yield yellow nitra- 
tion products. Chromatographic procedures (8) and isotope dilution meth- 
ods (10, 11) are capable of a high degree of sensitivity and specificity, but 
are too laborious for routine determinations. 

The successful use of isotopically labeled amino acids in biological studies 
depends upon the methods which are available for separation and purifica- 
tion of individual amino acids from complex mixtures. When large 
amounts of a protein hydrolysate are availabie, certain amino acids can 
be separated and purified by classical precipitation methods. In many 
isotopic studies, however, only mg. amounts of material are available. At 
these levels one must usually rely on chromatographic procedures which 
are now well established. The specific decarboxylase method described in 
this paper has the following advantages over chromatography: (1) individ- 
ual amino acids may be studied without having to set up elaborate chro- 
matographic procedures; (2) the use of simple bacterial preparations con- 
taining only one or two decarboxylase activities insures specificity. 

In addition to the decarboxylase for L-phenylalanine, decarboxylases are 
available for lysine, leucine, histidine, tyrosine, and glutamic acid. The 
use of tyrosine decarboxylase to form tyramine has also proved successful 
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in isotopic studies in this laboratory (12). There is no apparent reason 
why other available decarboxylases could not be used specifically to con- 
vert individual amino acids to products which can be readily separated 
from unchanged amino acids. 


SUMMARY 


A procedure for the assay of L-phenylalanine in tissues and protein hy- 
drolysates is presented. t-Phenylalanine is converted to phenylethyla- 
mine by treatment with crude Streptococcus faecalis decarboxylase. The 
phenylethylamine is assayed by a modification of the methyl orange pro- 
cedure for organic bases. A procedure is also presented for obtaining 
phenylethylamine enzymatically from amino acid mixtures containing 
phenylalanine, in sufficient quantity and purity for radioactive measure- 
ment. 
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In normal individuals the major portion of ingested phenylalanine is 
converted into tyrosine. In the disease phenylpyruvic oligophrenia, how- 
ever, ingested phenylalanine is converted mainly into phenylpyruvic and 
phenyllactic acids (1), which are excreted in the urine. This phenomenon 
has been ascribed to the inability of the body to convert phenylalanine to 
tyrosine (2) and a consequent shunting of phenylalanine through metabolic 
pathways which are normally of minor significance. The experiments pre- 
sented here demonstrate that the failure of phenylpyruvic oligophrenic 
individuals (phenylketonurics) to hydroxylate phenylalanine is not abso- 
lute; they can form tyrosine to a small but definite degree. In these indi- 
viduals the hydroxylation of certain other aromatic compounds is appar- 
ently unaffected. 


EXPERIMENTAL 


Reagents and Materials—We are indebted to Eli Lilly and Company for 
supplying us with antipyrine prepared for intravenous use. The 3-C"- 
pL-phenylalanine (0.5 mc. per mM) was obtained from Tracerlab, Inc. An 
acetone-dried preparation of Streptococcus faecalis, prepared according to 
Epps (3), was used for the decarboxylation of phenylalanine and tyrosine 
to their corresponding amines. 

Methods—Radioactivity was measured in a gas flow windowless counter 
having a background of 1.8 c.p.m. and an efficiency for C“ of about 45 per 
cent (4). Each compound was suspended in an appropriate solvent, trans- 
ferred onto a tared planchet, and evaporated to dryness. The values were 
corrected for self-absorption and expressed as counts per minute per micro- 
mole of compound. 

Tyrosine and phenylalanine were isolated from plasma proteins after 
hydrolysis of the proteins and concentration of the hydrolysates as de- 
scribed in the preceding paper (5). Tyrosine was precipitated by adjust- 
ment of the hydrolysate to pH 6. The isolated tyrosine was purified to 
isotopic homogeneity by repeated recrystallizations carried out by dissolv- 
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ing the material in dilute acid, treating the solution with activated charcoal, 
and then adjusting to pH 6. Possible contamination by small amounts of 
labeled phenylalanine was avoided by an additional recrystallization of the 
isolated tyrosine from a solution containing large amounts of non-radio- 
active Di-phenylalanine. Several of the tyrosine samples were converted 
to tyramine with the S. faecalis decarboxylase. The pH was then adjusted 
to 9.5 and the tyramine was extracted into isoamy] aclohol and returned to 
an aqueous phase by shaking the alcohol extract with a small volume of 
0.1 N HCl. The acid extract was evaporated to dryness, the residue taken 
up in 0.5 ml. of absolute alcohol, and the tyramine hydrochloride precipi- 
tated by the addition of 20 ml. of ether. Suspensions of tyramine hydro- 
chloride in ether were transferred to planchets for counting. 

Phenylalanine in the hydrolysates was converted to phenylethylamine 
hydrochloride by the procedure described in the previous paper (5). Sus- 
pensions of phenylethylamine hydrochloride in ether were transferred to 
planchets for counting. 

Phenylpyruvic acid was extracted from acidified urine into ether. The 
ether was evaporated to dryness and the residue was treated with 3,5- 
dinitrophenylhydrazone (6). The resulting hydrazone derivative was puri- 
fied to constant specific activity. Suspensions of the hydrazone in water 
were transferred to planchets for counting. 

Antipyrine in plasma was assayed by the method of Brodie and Axel- 
rod (7). 

Plasma u-phenylalanine was determined by a specific decarboxylase 
method described in the preceding paper (5). 

Experiments with Isotopically Labeled Phenylalanine—About 20 uc. of 
3-C'-p-phenylalanine (6.5 mg.) were administered orally to two phenyl- 
ketonuric children, aged 3 and 4 years, and to two human subjects who had 
terminal cancer but who had no signs of liver damage. Samples of blood 
were withdrawn at various time intervals, and the specific activity of 
phenylalanine and tyrosine isolated from the plasma proteins was meas- 
ured. The data in Table I indicate that labeled phenylalanine adminis- 
tered to normal subjects was rapidly incorporated into proteins not only 
as phenylalanine but also as tyrosine. The ratio of the specific activity of 
tyrosine to phenylalanine (T:P) in plasma protein, at any time, may be 
used as a rough index of the extent of the conversion of phenylalanine to 
tyrosine. In the phenylketonurics values for T:P were much lower than 
in the controls. The incorporation of phenylalanine into protein was about 
the same for the phenylketonurics as for the controls, but that for tyrosine 
was low. It can be concluded, therefore, that little conversion of phenyl- 
alanine to tyrosine is occurring. The block is, however, not complete, since 
small amounts of tyrosine are formed. 
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A similar experiment was performed on a normal dog. Values for T:P 
were the same as those obtained in the control subjects. 

The urine of one of the phenylketonurics was collected over a period of 54 
hours, and the total amount and specific activity of the excreted phenyl- 
pyruvic acid were determined. This experiment showed that about two- 


TABLE [ 


C4 Incorporation into Plasma Protein Phenylalanine and Tyrosine after 
Administration of 3-C'4-pt-Phenylalanine 


Time after Phenylal- | Ratio, 




















Experiment — anine? Tyrosine* PR tener wh bad 
| hrs. C.p.m. per uM | C.p.m. per uM 
Dog he 21.9 5.67 0.26 
6 28.5 6.83 0.24 
12 24.4 6.07 0.25 
24 20.6 5.98 0.29 
48 16.8 5.75 0.34 
(5.77) ¢ 
Control, Patient A 6 11.2 2.48 0.22 
24 10.4 2.79 0.26 
48 7.84 | 2.24 0.29 
«“ “« 8B | © + oa 5.30 | 0.19 
24 | 24.6 4.90 | 0.20 
48 21.0 4.70 | 0.22 
Phenylketonuric, Patient J 24 55.0 0.91 | 0.016 
(0.90) | 
48 39.0 0.89 | 0.023 
a — © 24 46.0 0.70 | 0.016 
(0.74) | 
48 33.0 0.69 | 0.021 











* 20 to 50 um of compound were deposited on the planchets for counting. 
+ The values in parentheses were determined on tyramine hydrochloride formed 
from the tyrosine by treatment with bacterial tyrosine decarboxylase. 


thirds of the ingested isotopic pt-phenylalanine was excreted as phenyl- 
pyruvic acid. 

Metabolism of Antipyrine in Phenylketonurics—Numerous compounds 
including many drugs are metabolized in the body through the hydroxyla- 
tion of an aromatic ring. Experiments were undertaken to determine 
whether other aromatic hydroxylations were affected in subjects with 
phenylpyruvic oligophrenia. A typical example of a compound which 
undergoes hydroxylation in vivo is antipyrine, which has been shown to 
yield 4-hydroxyantipyrine (8) by a rather non-specific hydroxylation mech- 
anism (9). The rate of disappearance of antipyrine from plasma is a good 
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measure of its rate of hydroxylation, since only a negligible fraction of 
ingested antipyrine is excreted unchanged by the kidney. 1 gm. of anti- 
pyrine was administered intravenously to each of the two phenylketonurics. 
Samples of blood were withdrawn for the measurement of plasma anti- 
pyrine at 2, 4, and 7 hours following the administration of the drug. The 
values for antipyrine when plotted against time were found to decline 
exponentially at the rate of about 20 per cent per hour. Values for the 
metabolism of antipyrine in a group of normal adults have been reported 
to range from 3 to 12 per cent per hour (10). The values for the phenyl- 
ketonurics were, if anything, higher than the reported normal values. The 
conclusion may be drawn that there was no impairment of the antipyrine- 
hydroxylating mechanism in these subjects, indicating that the chemical 
lesion in this disorder does not apply to aromatic hydroxylations in general; 
it may well be confined to the conversion of L-phenylalanine to tyrosine. 











TaBLeE IT 
Plasma Phenylalanine after Oral Administration of u-Phenylalanine to Phenylpyruvic 
Patients 
| Plasma t-phenylalanine 
Time Dose | ee Le ne os ss 
| Patient J Patient C 
min. ae 7 gm. | mg. per pre a se cent 
0 | 6 | 37.0 34.2 
40 | | 80.6 60.5 
160 | 1 92.9 99.5 
280 | 1 | 95.2 | 102.8 


400 95.2 | 89.8 


It is possible that the small amount of phenylalanine which is converted 
to tyrosine in the phenylketonurics does so through the non-specific mech- 
anism which oxidizes antipyrine and other aromatic drugs. To investigate 
this several gm. of L-phenylalanine were administered to the phenylketo- 
nurics, as described below, and the experiment with antipyrine was re- 
peated. Although the plasma levels of L-phenylalanine were maintained 
throughout the experiment at about 100 mg. per cent, the rate of antipyrine 
oxidation was not inhibited. It may be concluded that antipyrine and 
phenylalanine do not compete for a common tissue catalyst. 

Plasma Levels of u-Phenylalanine in Phenylketonurics—8 gm. of L-phenyl- 
alanine were administered orally to each of the two phenylketonurics in 
divided doses, 6 gm. at the start, followed by 1 gm. at 2 hour intervals. 
Samples of blood were withdrawn for the measurement of plasma L-pheny!- 
alanine at the intervals shown in Table II. Plasma t-phenylalanine 
reached a plateau at levels of about 40 to 50 times those for fasting normal 
subjects. 
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DISCUSSION 


It is generally accepted that phenylpyruvic oligophrenia is a genetic 
disorder and that the gene which normally controls the enzyme system 
responsible for the conversion of L-phenylalanine to tyrosine is missing. 
The present finding that in this disorder some tyrosine can be formed from 
t-phenylalanine requires modification of this theory. Several explanations 
of these findings are possible, based upon the recent studies on the enzyme, 
L-phenylalanine oxidase, which specifically catalyzes the oxidation of L- 
phenylalanine to tyrosine (11). (1) The amount of L-phenylalanine oxi- 
dase present in the liver may be smaller than usual, but not completely 
absent; (2) L-phenylalanine oxidase may be completely lacking, but a 
small amount of tyrosine may be formed from phenylalanine through an 
alternative pathway or by intestinal bacteria; (3) the amount of L-phenyl- 
alanine oxidase may be normal, but certain cofactors might be missing to- 
activate the enzyme; (4) the amount of L-phenylalanine oxidase may be 
normal, but an inhibitor of this reaction might be present. Each of these 
theories will be investigated by studies on L-phenylalanine oxidase in 
biopsy material from livers of phenylketonurics. There is no obvious 
connection between the mental deficiency of phenylketonurics and their 
inability to convert phenylalanine to tyrosine. The absence of L-phenyl- 
alanine oxidase from brain (11) rules out the possibility of a direct relation- 
ship. However, a cofactor or inhibitor of phenylalanine oxidase might 
also influence another metabolic system which could be essential for normal 
brain metabolism. 

The maintenance of such an extremely high plasma level of L-phenyl- 
alanine after its oral administration to the phenylketonurics indicates that 
the alternative pathway for L-phenylalanine metabolism, conversion to 
phenylpyruvic acid, is a relatively slow process. In individuals whose 
tyrosine-forming ability is normal, large doses of L-phenylalanine are so 
rapidly metabolized that the plasma level rises only slightly and then 
returns rapidly to normal values (12). 


SUMMARY 


3-C'4-pL-Phenylalanine was administered orally to a dog, two normal 
adults, and two phenylketonuric children. Tyrosine and phenylalanine 
were subsequently isolated from the plasma proteins and their specific 
activities determined. The ratio of the activity of tyrosine to phenyl- 
alanine (T:P) was used as an index of the extent of conversion of phenyl- 
alanine to tyrosine. Significant values for T:P were found in the phenyl- 
ketonurics. However, in the controls and in the dog, T:P values were 10 
to 15 times greater. It is apparent that the hydroxylation of L-phenyl- 
alanine to tyrosine does take place in the condition of phenylpyruvic 
oligophrenia, but to a diminished degree. The ability of phenylketonurics 
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to hydroxylate other aromatic compounds, such as antipyrine, is not af- 


fected. I 
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ENZYME SECRETION AND THE INCORPORATION OF P# 
INTO PHOSPHOLIPIDES OF PANCREAS SLICES 


By MABEL R. HOKIN* anp LOWELL E. HOKINt 
(From the Research Institute, the Montreal General Hospital, Montreal, Canada) 


(Received for publication, December 17, 1952) 


It has been previously shown that the addition of cholinergic drugs to 
respiring pancreas slices in vitro stimulates the secretion (active extrusion) 
of amylase; the synthesis of amylase, on the other hand, is not stimulated 
by cholinergic drugs (1). The present paper is concerned with studies on 
the uptake of P® into the phospholipides during enzyme secretion in pan- 
creas slices in vitro. It has been found that the stimulation of amylase 
secretion by acetylcholine or carbamylcholine is accompanied by a 5- to 
9-fold increase in the specific activity of the phospholipides after a 2 hour 
incubation. 


EXPERIMENTAL 


Preparation of Tissue Slices—For studies of enzyme secretion pigeons 
were fasted for approximately 48 hours prior to killing, unless otherwise 
stated. The fasting was carried out in order to bring about a non-secreting 
repleted gland. The functional state of the pancreas could be judged by 
its appearance. Non-secreting glands from fasted pigeons were small, pale, 
and friable. Glands from fed pigeons were larger and pink to reddish. 
When enzyme synthesis was studied, the pigeons were fed; 0.15 mg. of 
carbamylcholine was administered intramuscularly 1 hour before killing. 

The animals were killed by decapitation, and the organs were removed 
immediately and chilled in iced saline. The slices were prepared by a 
slight modification of the method described earlier (1-3). As soon as the 
slices were cut, they were placed in a chilled covered crystallizing dish. 
After the slicing was completed, the slices were weighed and placed over 
appropriate numbers in a second chilled crystallizing dish. They were 
then ready for placing in incubation vessels. 

In order to insure uniform results in the determination of the Qo,, the 
specific activities of the acid-soluble phosphate esters and the specific 
activities of the phospholipides at least 100 mg. of tissue were needed. It 
was usually necessary to use slices from both lobes in order to obtain suffi- 
cient tissue for four to six vessels. The proportion of tissue from each lobe 
was maintained as constant as possible in each vessel to minimize possible 
differences in the activities of the two lobes. 


* Fellow of the National Cancer Institute of Canada. 
+ Merck Postdoctoral Fellow in the Natural Sciences. 
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Incubation of Tissues—In the majority of experiments on enzyme secre- 
tion the pancreas slices were incubated for 15 minutes at 40° in 30 ml. 
stoppered conical flasks containing 3 ml. of oxygenated saline with 200 mg. 
per cent of glucose. After this preliminary incubation the slices were 
transferred to the experimental vessels. The preliminary incubation was 
carried out in order to remove from the slices a considerable quantity of 
amylase which is rapidly discharged into the medium and which is prob- 
ably mainly derived from damaged cells. 

In a few experiments in which measurements of respiration were carried 
out, the slices were incubated in Medium III of Krebs (4) in Warburg 
vessels gassed with oxygen. The sodium salts of the organic acids in 
Medium III were replaced by an equivalent quantity of NaCl. In the 
majority of experiments the slices were incubated in bicarbonate-saline (5), 
gassed with 7 per cent COz2 in Oz, in Warburg vessels or stoppered conical 
flasks of 30 ml. capacity. In anaerobic experiments slices were incubated 
in bicarbonate-saline gassed with 7 per cent CO2 in Ne; yellow phosphorus 
was placed in the center well or side arm. Alkali and filter paper were 
placed in the center well when Medium III was used. The slices were 
shaken in a Warburg bath at 40° for 2 hours. 

The following drugs were added to give final concentrations as indicated 
in Tables I to IV: carbamylcholine, pilocarpine, acetylcholine, eserine, and 
atropine. Approximately 20 uc. of P® as phosphate were added to each 
vessel. 

Treatment of Tissues after Incubation—Immediately after incubation the 
tissues were placed in conical 15 ml. centrifuge tubes surrounded by iced 
water. They were then ground with sand and about 0.2 ml. of water in a 
mortar surrounded by chipped ice. After the mixture was ground to a 
pasty consistency, 2.8 ml. of cold water were added, and the mixture was 
further ground for about 30 seconds. 1.0 ml. of cold 20 per cent trichloro- 
acetic acid was then added. The suspension was stirred and poured back 
into the centrifuge tube. The mortar was rinsed with 1 ml. of 20 per cent 
cold trichloroacetic acid, the rinse was added to the centrifuge tube, and 
the mixture was then centrifuged. The supernatant fluid was poured into 
another conical centrifuge tube for estimation of the specific activity of the 
acid-soluble phosphate esters, as described below. The acid-insoluble resi- 
due in the first tube was washed twice with 5 ml. portions of cold 10 per 
cent trichloroacetic acid. All operations were carried out at approxi- 
mately 0°. 

Extraction of Phospholipides—The washed trichloroacetic acid-insoluble 
residue obtained above was extracted at room temperature with 5 ml. of 


95 per cent ethanol. The mixture was centrifuged, and the residue was — 


extracted a second time with 95 per cent ethanol. The residue was then 
extracted twice for about 5 minutes with 5 ml. portions of a 3:1 ethanol- 
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ether mixture at 60°. The ethanol and ethanol-ether extracts were pooled. 

The pooled phospholipide extracts were then freed of contaminating 
inorganic P® by a method similar to that previously described by Fishler 
et al. (6) and Friedkin and Lehninger (7). The method was carried out as 
follows: To each of the pooled ethanol-ether extracts was added 1 ml. of 
mM NacsHPO,. The extracts were then evaporated to about 1 ml. under an 
infra-red lamp. ‘The residues were extracted three times with 15 ml. por- 
tions of freshly distilled ether. Under these conditions no measurable 
inorganic phosphate was extracted by the ether. The ether extracts were 
pooled. To each of the ether extracts was added another 1 ml. of m 
NazHPO,, and the mixture was again evaporated to 1 ml. The extraction 
with ether, addition of molar phosphate, and evaporation to 1 ml. were 
repeated again. This was followed by yet a further extraction with ether 
as above, addition of 1 ml. of water, and evaporation to about 10 ml. The 
remaining 10 ml. were then extracted again with three 10 ml. portions of 
ether. These extracts were evaporated to about 4 ml. Aliquots of the 
final concentrated ether extract were evaporated on aluminum disks (area 
3.8 sq. cm.) with slightly elevated edges and counted at infinite thinness in 
a helium flow counter. All counts were corrected for background and 
dead time. A standard plate of the inorganic P® sample added to the 
medium was always counted along with the phospholipide samples. 

Another aliquot of the ether extract of the phospholipides was pipetted 
into a 30 ml. Kjeldahl flask and dried under an infra-red lamp. Total 
phosphorus was then estimated by a modification (8) of the method of 
Fiske and Subbarow (9). All specific activities are expressed as counts per 
minute per microgram of P corrected to an initial specific activity of 
100,000 c.p.m. per y of P for the inorganic P in the medium. Medium III 
contained 108 y of P per ml.; bicarbonate-saline contained 37 y of P per 
ml. 

Determination of Specific Activity of Acid-Soluble Phosphate Esters—The 
cold trichloroacetic acid tissue extract was treated with magnesia mixture 
to remove inorganic phosphate (7). A 0.1 ml. aliquot of the remaining 
acid-soluble phosphate ester fraction was evaporated on an aluminum disk 
and counted. ‘Total phosphorus was estimated on a 2 ml. sample. 

Amylase Assays—0.2 ml. of the incubation medium was diluted to 10 ml. 
and assayed for amylase activity by a modification (3) of the method of 
Smith and Roe (10). Amylase activities are expressed as units of Smith 
and Roe per mg. of initial wet weight of tissue. 


Results 


Effects of Cholinergic Drugs and Atropine on Enzyme Secretion and Uptake 
of P®? into Phospholipides—When enzyme secretion was stimulated in pan- 
creas tissue by the addition of carbamylcholine, there was a marked in- 
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crease in the rate of incorporation of P® into the phospholipide fraction. 
After 2 hours of incubation the specific activities of the phospholipides of 
slices stimulated by carbamylcholine were 4.8 to 8.7 times greater (average, 
7.0 in eight experiments) than the specific activities of the phospholipides 
of the control slices. Fig. 1 shows the increase in specific activity of 
phospholipides of stimulated and unstimulated slices during the 2 hour 
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Fig. 1. Rates of incorporation of P* into phospholipides of secreting and non- 
secreting slices of pigeon pancreas. Medium, bicarbonate-saline. Other conditions 
of incubation as described in the text. All counts per minute per microgram of P 
corrected to 100,000 c.p.m. per y of P for the inorganic P in the medium. 


incubation period. Table I gives the quantities of amylase in the medium 
and the specific activities of the acid-soluble phosphate esters in the same 
experiments. As described previously, amylase secretion was stimulated 
by carbamylcholine (1). The major portion of the amylase in the medium 
of unstimulated slices from glands of fasted pigeons was probably due to 
passive discharge of the enzyme rather than to active secretion, since it 
was not reduced under anaerobic conditions. On the other hand, the 
increment of amylase discharged into the medium in response to cholinergic 
drugs is abolished under anaerobic conditions (1) and may thus be regarded 
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as true secretion. There was no increase in the specific activities of the 
acid-soluble phosphate esters in slices in contact with carbamylcholine. 
This suggests that the increased incorporation of P® into the phospholipides 
of secreting slices is specific and not merely due to an increased permeability 
of the cell to phosphate or to an increased rate of phosphorylation. The 
fact that the specific activities of the acid-soluble phosphate esters were 
still rising after 2 hours shows that they had not reached equilibrium with 
inorganic phosphate of the medium. 

In connection with the lack of stimulatory effect of carbamylcholine on 
the rate of incorporation of P® into the acid-soluble phosphate esters, it 
should be pointed out that cholinergic drugs did not stimulate respiration 
of pigeon pancreas slices under these conditions. Deutsch and Raper (11) 
have reported a stimulation of respiration by secretin in slices of cat pan- 


TaBLeE I 


Amylase Secretion and Specific Activity of Acid-Soluble Organic P in Experiment 
Illustrated in Fig. 1 





| Amylase in medium, units per mg. Specific activity of acid-soluble organic P, 
F fresh weight of tissue c.p.m. per y P 
Duration of | 
incubation a 





| 
Without . Without ae . 
carbamylcholine ‘oe carbamylcholine carbamylcholine we carbamylcholine 
| 
| 


| 





min. | 


30 


8.2 | 14.7 1810 1670 
60 9.8 | 17.0 2520 | 2300 
120 13.9 25.7 5180 | 4520 








creas and by cholinergic drugs in slices of cat parotid and submaxillary 
glands. The effect of cholinergic drugs on respiration in cat pancreas was 
not studied by these workers. In the pancreas, secretin stimulates ion and 
water secretion and thus differs from vagal stimulation or cholinergic drugs, 
which stimulate only enzyme secretion (12). The observations of Deutsch 
and Raper and those of the authors can best be explained by assuming that 
water and ion secretion, which is stimulated by secretin, requires con- 
siderably more energy than does enzyme secretion, which is stimulated by 
cholinergic drugs. 

No difference between slices of fed and fasted pigeons was observed in 
the percentage stimulation of P® incorporation into phospholipides by 
carbamylcholine. However, the actual specific activities of phospholipides 
and acid-soluble phosphate esters of slices from glands of fed pigeons tended 
to be higher than those of glands from fasted pigeons. The respiratory 
rates of slices from fed pigeons also tended to be higher than those from 
fasted pigeons. 
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A few experiments on the effect of carbamylcholine on amylase secretion 
and on the uptake of P® into the phospholipides were performed on slices 
of duck pancreas. The results were similar to those reported here for slices 
of pigeon pancreas. 


TaBie II 


Comparative Effects of Cholinergic Drugs and Atropine on Amylase Secretion and 
Incorporation of a into Phospholipides 





Amylase in |Specific act Specific 
Experiment Additions Binal cow- | medium, nts | Val pomphoe”) yf 
No. y per ml. per mg. fresh | lipi organic P 
weight of tissue per y | cpm. per y Pp 
1 None 9.4 71 =| ~~ =5,520 
Carbamylcholine 100 13.6 626 | 5,520 
Pilocarpine 100 11.6 164 | 5,880 
Acetylcholine 100 | 
Oiae mn 12.9 772 | 7,160 
2 None 13.0 148 | 9,700 
Carbamylcholine 10 25.6 1108 | 
Pilocarpine 10 16.5 212 10,400 
a CE 7 23.6 109% =| 9,800 
Eserine 10 | 
Atropine 10 . 
Carbamylcholine 10 ae _ 9,500 














Medium, bicarbonate- galine; duration of incubation, 2 hours. All counts per 
minute per microgram of P corrected to 100,000 c.p.m. per y of P for the inorganic 
P in the medium. 








TaB_e III 
Incorporation of P®? into Phospholipides of Pigeon Pancreas under Anaerobic 
Conditions 
ree eae! im TT ae fr A gel = ad 
S | : : Specific 
. | | = Mies snag pe 3 of 
FI Medium | Gas phase Additions a Pos _ soluble 
‘= 7 S, zanic P, 
: | | 7B femme 
rs | | 
1 | Bicarbonate- sie:| 93% 1 Nz + 7% CO. | None 3 
saline | Same Carbamylcholine 10 4 
2 | Krebs’ Me- | O2 | None 48 4600 
dium ITI sf | Carbamylcholine | 100 | 390 4800 
| Ne | None 2 1510 
| | 2. Carbamylcholine | 100 3 1740 











Duration of incubation, 2 hours. All counts per minute per microgram of P 
corrected to 100,000 ¢.p.m. per y of P for the inorganic P in the medium. 
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In Table II are compared the effects of acetylcholine (with eserine), 
pilocarpine, carbamylcholine, and carbamylcholine with atropine on amy- 
lase secretion and the uptake of P® into phospholipides. Acetylcholine 
(with eserine) stimulated amylase secretion and the incorporation of P® 
into phospholipides to about the same extent as did carbamylcholine. 
Pilocarpine was much less effective in stimulating the secretion of amylase, 
as previously reported (1); the effect of this drug on the uptake of P® into 
the phospholipides was also much less. The stimulatory effects of car- 
bamylcholine on both amylase secretion and the incorporation of P® into 
the phospholipides were abolished by atropine. None of the above drugs 
had any significant effect on the incorporation of P* into the acid-soluble 
phosphate esters. 

Incorporation of P® into Phospholipides of Pancreas Slices under Anaerobic 
Conditions—The specific activities of phospholipides and acid-soluble phos- 
phate esters observed after incubation of slices of pigeon pancreas under 
anaerobic conditions for 2 hours are shown in Table III. Although the 
anaerobic incorporation of P® into the acid-soluble phosphate esters was as 
much as 34 per cent of the aerobic incorporation, the anaerobic incorpora- 
tion of P® into the phospholipides was less than 5 per cent of the aerobic 
incorporation. This suggests that the incorporation of P® into phospho- 
lipides is due mainly to phospholipide synthesis, rather than to an enzyme- 
catalyzed exchange of phosphate in preformed phospholipide. This also 
follows from a consideration of the structure of phospholipides, in which 
the phosphate is doubly esterified and does not occupy a terminal position 
from which it could readily exchange. The proportionately higher anaero- 
bic incorporation of P*? into the acid-soluble phosphate esters as compared 
to phospholipides is probably due to the presence in the acid-soluble 
fraction of many of the phosphorylated intermediates of glycolysis. 

The marked stimulation of P* uptake into phospholipides by cholinergic 
drugs, observed aerobically, did not occur anaerobically. There may have 
been some slight increase under anaerobic conditions, but, in view of the 
very low specific activities being measured under these conditions, it is 
doubtful whether the difference is significant. 

Effects of Cholinergic Drugs on Incorporation of P®? into Phospholipides of 
Tissues Other Than Pancreas—The increased incorporation of P*® into phos- 
pholipides of secreting pancreas slices suggested that phospholipides play 
a role in enzyme secretion. However, to investigate the possibility that 


| the stimulation of P® uptake into phospholipides by cholinergic drugs 


might be a general phenomenon, slices of tissue from organs other than 
pancreas were incubated with and without cholinergic drugs under the 
same conditions as those used for pancreas slices. The specific activities of 
the phospholipides, acid-soluble phosphate esters, and, when measured, the 
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respiration of these tissues are shown in Table IV. Cholinergic drugs were 
found to have little or no effect on the specific activities of phospholipides 
of slices of pigeon and guinea pig liver, guinea pig kidney cortex, guinea 
pig heart ventricle, and pigeon gizzard (smooth muscle). A relatively 
slight stimulation of P® uptake into phospholipides was observed in slices 


TaBLe IV 


Effect of Cholinergic Drugs on Incorporation of P* into Phospholipides of Slices of 
Various Tissues Other Than Pigeon Pancreas 

















| ge | Set | actity 
: ° } s48 ad | phospho- of acid- -_ 
Species Tissue Additions 8 SH! “lipides soluble 06: 
PgBR| cpm” | ovzanic | 
|e art peryP | 
Pigeon Liver None | 992 24,400 | 8.5 
Carbamylcholine | 10| 1010 | 32,800 | 8.3 
Guinea pig None | 588 
Acetylcholine a 504 | 
Eserine 100 
ee ¥ Kidney cortex None | 644 13,500 
Carbamylcholine | 100 616 15,800 
“3 “ Heart ventricle None 60 9,800 
Acetylcholine 100 
Eserine | et i us 
J: ef ‘f + None 70 13,100 
Carbamylcholine | 100 66 14,700 
Pigeon Gizzard, smooth | None 1260 24,200 | 2.8 
muscle Carbamylcholine | 10 1364 32,800 | 2.9 
Whole brain None 214 22,400 | 8.1 
Carbamylcholine 10 352 21,400 | 8.1 
Guinea pig | Brain cortex None | 272 18,300 
Carbamylcholine 100 356 19,600 














Medium for experiments in which Qo, is reported, Krebs’ Medium III; bicarbon- 
ate-saline medium in other experiments. Duration of incubation, 2 hours. All 
counts per minute per microgram of P corrected to 100,000 c.p.m. per y of P for the 
inorganic P in the medium. 


of pigeon brain (65 per cent) and guinea pig brain cortex (40 per cent). 
This possible effect of cholinergic drugs on the incorporation of P® into 
phospholipides in brain is being investigated further. It is not known 
whether any of these other tissues studied respond to cholinergic drugs 
in vitro, but the results suggest that the effect of cholinergic drugs on the 
rate of incorporation of P*® into the phospholipides of pancreas is related to 
physiological function. 

Incorporation of P® into Phospholipides during Stimulation of Amylase 
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Synthesis with Amino Acids—Amylase synthesis by slices of pigeon pancreas 
can be stimulated by the addition of an appropriate amino acid mixture 
(1, 3). The stimulation of amylase synthesis is not accompanied by any 
appreciable stimulation of amylase secretion (1). It was thought of inter- 
est to study correlations between amylase synthesis and the uptake of P* 


| into phospholipides. The results of such a study are shown in Table V. 


In this experiment amylase synthesis was increased almost 3-fold by amino 
acids, but there was no significant increase in the specific activity of the 
phospholipides. 


TABLE V 


Specific Activities of Phospholipides after Stimulation of Amylase Synthesis with 
Amino Acids 














Total amylase ‘Kaval h Specifi eis 
Incubation ie (medium + tissue), | ..“AmyY!ase synthe- pecific activity of 
A Additions : | sized, units per mg. hospholipides, 
period units pate sg fresh fresh weight pre nam 4 
weight 
min. 
0 15.3 
16.8 | 
120 | 21.5 
5.9 58 
22.4 ‘a 
120 Amino acid mixture* 32.5 16.1 | 62 
29.2 ; | 


Medium, bicarbonate-saline; duration of incubation, 2 hours. All counts per 
minute per microgram of P corrected to 100,000 c.p.m. per y of P for the inorganic 
P in the medium. 

* 0.2 ml. of Aminosol (Abbott Laboratories, Chicago, Illinois). 


DISCUSSION 


The experiments reported here suggest that the process of enzyme secre- 
tion is associated with accelerated phospholipide synthesis. It is too early 
to state with certainty how phospholipide synthesis may be related to 
enzyme secretion. However, the observations of Ling et al. (13) may be of 
significance in relation to this problem. These workers found that pepsin 
secretion by the stomach was paralleled by phospholipide secretion. It is, 
therefore, possible that the accelerated rate of phospholipide synthesis in 
the secreting pancreas is secondary to the extrusion of phospholipides from 
the cell during enzyme secretion. However, it should be emphasized that 
the synthesis of amylase in vitro is not accelerated when amylase secretion 
is stimulated in slices of pigeon pancreas (1). Since the classical work of 
Heidenhain (14) it has been known that the enzymes are stored in the pan- 
creas in the form of zymogen granules. Claude (15) has found that these 
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granules contain about 20 per cent lipide, mostly phospholipide. There is 
no clear cut evidence that the zymogen granules are secreted as such, 
Many cytological studies indicate that the granular material is concen- 
trated into vacuoles during the secretory process and the vacuolar contents 
are then extruded (16, 17). Irrespective of the cytological form in which 
the enzymes are secreted, it is reasonable to assume as a working hypothesis 
that these enzymes are attached to phospholipides in the resting cell and 
remain attached during their journey into the glandular lumen. According 
to this view the enzymes would be secreted, not as free enzymes, but as 
enzyme-phospholipide complexes, or lipoproteins. In this way the destruc- 
tive action of these enzymes on the cytoplasm during the secretory process 
would be avoided. 

Xeros (18) has recently provided good evidence that the classical Golgi 
apparatus observed in tissues after treatment with fixatives represents, in 
the unfixed cell, lipide droplets or lipochondria. These lipochondria lie at 
the base of the mass of zymogen granules, which occupy the apical regions 
of the acinar cell. Both the Golgi apparatus of fixed tissues and the lipo- 
chondria of unfixed tissues have been observed to undergo cytological 
changes during enzyme secretion! (19). These lipide structures may thus 
play a role in the secretory process; the evidence presented here, linking 
phospholipides to enzyme secretion, is consistent with this view. 


SUMMARY 


1. When enzyme secretion was stimulated by carbamylcholine or acety]- 
choline (with eserine) in slices of pigeon pancreas, the incorporation of P® 
into the phospholipide fraction of the stimulated slices was, after 2 hours, 
4.8 to 8.7 (average, 7.0) times greater than the incorporation of P* into the 
phospholipides of control slices. Neither respiration nor the incorporation 
of P® into acid-soluble phosphate esters was increased. 

2. Pilocarpine, which on a weight for weight basis was much less effective 
than carbamylcholine or acetylcholine in stimulating enzyme secretion in 
pancreas slices, was also much less effective in stimulating the uptake of 
P® into phospholipides. 

3. The stimulatory effects of carbamylcholine on both enzyme secretion 
and the incorporation of P*® into phospholipides were abolished by atropine. 

4. The specific activity of the phospholipides from slices incubated an- 
aerobically was less than 5 per cent of that observed aerobically. An- 
aerobically, carbamylcholine did not stimulate the incorporation of P® 
into phospholipides to any significant extent. The specific activity of the 
acid-soluble phosphate esters after anaerobic incubation was 34 per cent of 
that found aerobically. 


1 Xeros, N., personal communication (1951). 
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5. Cholinergic drugs had little or no effect on the incorporation of P® 
into the phospholipides of the following tissue slices: pigeon and guinea pig 
liver, guinea pig heart ventricle, pigeon gizzard (smooth muscle), and 
guinea pig kidney cortex. A relatively slight stimulation of P® uptake 
into phospholipides was observed in slices of pigeon brain (65 per cent) and 
guinea pig brain cortex (40 per cent). 

6. Stimulation of amylase synthesis in slices of pigeon pancreas by the 
addition of a mixture of amino acids had no effect on the incorporation of 
Pp? into phospholipides. 


The authors wish to thank Dr. J. H. Quastel for his interest and en- 
couragement. 
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YOHIMBINE AND ERGOT ALKALOIDS AS NATURALLY 
OCCURRING ANTIMETABOLITES OF SEROTONIN 


By ELLIOTT SHAW anv D. W. WOOLLEY* 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York, New York) 


(Received for publication, February 6, 1953) 


Recently it has been possible to produce structural analogues of sero- 
tonin, which behave as antimetabolites of this physiological constituent of 
animal tissues (1, 2). One of the pharmacological actions of these anti- 
metabolites is to prevent the rise in the arterial blood pressure of dogs 
which would otherwise result when serotonin is administered (3). This 
property may be attributed to the demonstrated ability of these analogues 
to nullify in vitro the vasoconstriction which serotonin calls forth. Because 
these antimetabolites of serotonin were indole derivatives (as is serotonin 
itself), our attention was directed to naturally occurring alkaloids which 
have, in the past, been used in the control of high blood pressure and which 
might be structural analogues of serotonin. Some of the pharmacological 
effects of these alkaloids might conceivably arise from their being anti- 
metabolites of serotonin. In this way attention was directed to yohimbine 
and to the ergot alkaloids, both of which are indole derivatives, and both 
of which have been used with varying success as drugs for the reduction of 
high blood pressure (4). 

Experimentation readily showed that the constriction of segments of 
carotid arteries which is caused by the application of serotonin (2) was 
completely reversed by yohimbine. The antagonism of the metabolite 
and the drug was competitive over at least a 100-fold range of concentra- 
tion. Furthermore, the order of addition of the two substances to the 
tissue was not crucial. Yohimbine would relax tissues previously made 
to contract by application of serotonin, or it would, when administered 
first, prevent the contraction. This was in marked contrast to the well 
known antagonism observed between yohimbine and adrenaline, because 
in this latter case the metabolite adrenaline is effective only when it is 
applied first (5). The antagonism by serotonin was thus somewhat clearer 
than was that by adrenaline. This was of interest because the prevailing 


| opinion has been that yohimbine is an adrenaline antagonist. 


The structural resemblance of yohimbine and serotonin may be seen in 
Fig. 1. The phenolic hydroxyl group of the metabolite has been replaced 
by a hydrogen atom. The aminoethyl side chain of the metabolite has 

* With the technical assistance of J. J. Gingell and G. Schaffner. 
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been incorporated into the third ring of yohimbine, and, in addition, two 
more six-membered rings have been fused to this one. Because there are 
several structural differences between the drug and the metabolite, many 


R 
0=c7 
‘4 CH, 
HO CH2-CH2-NH2 
oO Oo Oo 
N N N 
H H H 
H3C00c 
0 
H Ergotamine 
Yohimbine Serotonin (R= peptide residue) 


Fig. 1. Structures of yohimbine, serotonin, and ergotamine 


HoN CH2 HoN HoN 
eG a ee oe ¢ 
N N N a 
I H Ill H J H Ch; 


3-ethyl-5-aminoindole 6-amino-1,2,3,4- 6-aminoharman 
tetrahydrocarbazole 
H2N CH2 CHe 
“Chie 7 ® ‘cH 
i aw ae 
N N N 
H H CH3 H 
Vil VI Vill 
3-@-N-(1,2,3,4 -tetrahydroiso- Harman 3- B-N-(1,2,3,4-tetrahydroiso- 
quinoly1) ethyl-5-aminoindole quinoly1) ethyl-indole 


Fig. 2. Structural analogues of serotonin 


investigators will be reluctant to consider yohimbine as an antimetabolite 
of serotonin. Certainly the case would be clearer if the two substances 
differed in only one respect. However, the following facts seem worthy of 
consideration. (a) The antagonism between the drug and the metabolite 
is freely reversible and competitive over a large range of concentration. 
(b) Both the drug and the metabolite are chemically related to tryptamine. 
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The alterations in the tryptamine structure have been more extensive in 
the case of yohimbine than with serotonin. (c) A number of synthetic 
antimetabolites of serotonin have been constructed. These form a series 
of related structures progressing by relatively small changes from the me- 
tabolite towards yohimbine. These are shown in Fig. 2 and Table III. 
Each of these analogues has been shown to function in the artery ring test 
as a reversible antagonist to serotonin. The original synthetic antimetab- 
olites of serotonin were 5-aminoindoles with alkyl side chains in position 
3 (Compound I) or positions 2 and 3 (Compound II, Table III). These 
two side chains may be fused into a cyclohexyl ring, as in Compound III, 
without impairment of potency. The amino group must remain because 
Compound IV (Table IIT) was inactive. However, when the amino group 
was moved from the first ring and incorporated in a pyridine ring (which 
thus took the place of the cyclohexane ring), as in Compound VI, potency 
was enhanced. In fact, the retaining of the amino group attached to the 
first ring, as in Compound V,-reduced potency. These facts made it seem 
that somewhere in the molecule a basic nitrogen was necessary for anti- 
metabolite activity. This could be an aromatic primary amine attached 
to the benzene portion of the indole system. On the other hand, the nitro- 
gen originally belonging to the aminoethyl side chain of the metabolite 
could be utilized for this purpose, provided, as the data in the preceding 
paper (2) indicated, that this nitrogen is not a primary amine but rather 
a tertiary base. In one of the instances tried in the present study, the 
possession of both kinds of basic groups, as in Compound V, was unde- 
sirable for highest potency, although in another case (Compound VII com- 
pared to Compound VIII) this was not so. 

In considering whether yohimbine differs too much in chemical structure 
to be regarded as an antimetabolite of serotonin, one should take account 
of the classical case of the sulfonamide drugs. Little doubt seems to exist 
that sulfanilamide is a bona fide antimetabolite of p-aminobenzoic acid. 
Sulfathiazole likewise is felt. to be securely in this class. The replacement 
of the 1 hydrogen atom in sulfanilamide by a thiazole ring is thus not con- 
sidered a change great enough to call in question the basic concept. In 
fact, this additional structural change, by conferring a more desirable dis- 
sociation constant, has resulted in a considerably more active compound. 
Similarly, phthalylsulfathiazole is regarded as just another antimetabolite 
of p-aminobenzoic acid, which has had a phthalyl radical added to it in 
order to give it a desirable solubility. Nevertheless, the structural re- 
semblance between yohimbine and serotonin seems as great as between 
phthalylsulfathiazole and p-aminobenzoic acid. 

The facts presented in this paper should not be construed as arguments 
in favor of the view that yohimbine acts on animals solely as an antime- 
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tabolite of serotonin. Quite probably, this drug has some properties which 
are not concerned with the action of this metabolite. This can readily be 
appreciated from a comparison of the pharmacological properties of harman 
and yohimbine. Both of these substances are structural analogues of sero- 
tonin, and both antagonize its action on artery rings. Yet, in whole ani- 
mals it is well known that they do not have identical effects. Clearly, the 
mode of action of the two drugs is not the same in all respects. They 
have some biological properties in common and they both are competitive 
antagonists of serotonin. The present study has shown only that some of 
the pharmacological properties of these drugs are probably the result of an 
antiserotonin action. 

The ergot alkaloids are analogues of serotonin, but not in the same way 
that yohimbine is. The ring which has been formed from the aminoethy] 
side chain of serotonin has been fused to the benzene, rather than the 
pyrrole portion of the indole system. In the artery ring test, ergotoxine 
(which is a mixture of three closely related alkaloids) and ergotamine (a 
pure substance) antagonized the constriction caused by serotonin, and this 
effect was reversible by additional serotonin. 

Shortly after our observations were made, a note by Reid and Rand (6) 
was published in which they mentioned that they had observed that yo- 
himbine antagonized the contracting action of serotonin on strips of carotid 
artery. A few months thereafter Erspamer (7) described experiments with 
kidneys and with uteri in which he had observed that ergot alkaloids inter- 
fered with the action of enteramine (serotonin). These studies apparently 
arose from consideration of the pharmacological properties of yohimbine, 
ergotamine, and serotonin, and the possibility was not considered that the 
first two substances were antimetabolites acting against the third. In 
other words, these studies recognized that serotonin caused contraction of 
blood vessels and other tissues and that, since yohimbine and the ergot 
alkaloids had previously been known to affect such tissues, an antagonism 
might exist. The present investigation was predicated upon the idea that 
serotonin was a metabolically essential substance or metabolite, with spe- 
cific receptor sites in diverse organs. Yohimbine and the ergot alkaloids, 
because of their structural resemblance to the metabolite, might thus com- 
bine with the serotonin sites and block the action of this metabolite. Their 
pharmacological effects might thus, in part, be attributed to their inter- 
ference with the action of serotonin. These additional independent factual 
reports by Reid and Rand and by Erspamer confirm the existence of the 
antagonism. 


EXPERIMENTAL 


Manner of Testing and Sources of Compounds—Tests were conducted with 
ring-shaped segments of sheep carotid artery as described in the preceding 
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papers (1, 2). The precautions previously outlined were carefully ob- 
served. All substances were dissolved in Ringer’s solution and adjusted 
to pH 7 before use. Serotonin was a synthetic sample of the creatinine 
sulfate double salt,! and all the weights of this metabolite refer to this 
double salt. Harman and 6-aminoharman? were synthesized according to 
the directions of Snyder, Parmerter, and Katz (8). The other analogues 
of serotonin were prepared as described earlier (9). Ergotoxine was the 
ethanesulfonate obtained commercially. As is well known, this material 
is a mixture of substances which differ only in the amino acid composition 
of the peptide portion. Ergotamine was a pure specimen kindly supplied 
by the Sandoz Chemical Works, Inc. 

3-B-N-(1 ,2 ,3 ,4-Tetrahydroisoquinolyl)ethyl-5-nitroindole Hydrochloride— 
3-8-Chloroethyl-5-nitroindole (9) (1.25 gm.) and 1,2,3,4-tetrahydroiso- 
quinoline’ (3 ml.) in absolute ethanol (65 ml.) were refluxed for 20 hours, 
filtered, and concentrated at the water pump. The residue was converted 
to an insoluble hydrochloride by trituration with 3 Nn HCl (25 ml.). The 
supernatant acid was discarded, as were additional washings with similar 
portions of 3 N HCl and of water used to remove soluble impurities. The 
remaining gum was dried and crystallized from absolute alcohol. Two 
crops were collected totaling 410 mg., 20 per cent, m.p. 247-248°. Recrys- 
tallization did not alter the melting point. 


CigH20O2N;Cl. Calculated, C 63.78, H 5.63; found, C 63.55, H 5.59 


3-B-N-(1 , 2,3 , 4-Tetrahydroisoquinolyl)ethyl-5-aminoindole Dipicrate— 
The nitroindole (0.30 gm.) was dissolved in warm ethanol (50 ml.) and 
reduced with alkaline hydrosulfite solution by the general method described 
elsewhere (9). On removal of the alcohol, the base separated as an oil, 
which was washed with water by decantation, and converted to the dipic- 
rate in ethanolic solution. Gradual addition of water provided 0.37 gm. 
of crystals melting with decomposition at 215-217°, a yield of 59 per cent. 
The melting point did not change on recrystallization. 


CisHaiNs:2CsH;07N;. Calculated, C 49.66, H 3.63; found, C 49.85, H 3.57 


For biological testing, the dipicrate was converted to the dihydrochloride 
in the usual manner. 

3-B-N-(1 ,2,3 ,4-Tetrahydroisoquinolyl)ethylindole—Indoleacetic acid (2.0 
gm.) in dry ether (50 ml.) was treated at 0° with phosphorus pentachloride 
(2.7 gm.). Solution gradually took place. The volume was reduced to 


1 Kindly supplied by the Abbott Laboratories. 

2 This compound has occasionally been called 7-aminoharman because some in- 
vestigators begin numbering the harman ring system at the indole nitrogen rather 
than at the carbon atom between the two nitrogens. 

3 Kindly supplied by Dr. C. T. Bahner, Carson-Newman College, Jefferson City, 
Tennessee. 
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about 20 ml. by concentration under reduced pressure, and petroleum ether 
(200 ml.) was added. Lustrous flakes of the acid chloride formed and were 
collected by filtration after 2 hours. 1.45 gm. were obtained, m.p. 68°. 

The acid chloride was dissolved in ethyl acetate (25 ml.) and mixed with 
a similar volume of ethyl acetate containing 1,2,3 ,4-tetrahydroisoquino- 
line (1.5 ml.) and N-ethylmorpholine (2 ml.). Heat was evolved and a 
precipitate formed. After 3 hours at room temperature, the suspension 
was filtered and the filtrate and washings were shaken several times with 
N HCl and with aqueous sodium carbonate to remove unchanged starting 
materials. The intermediate amide (1.75 gm.) was not crystallized but 
instead treated directly with lithium aluminum hydride. 


TABLE I 
Antagonism between Serotonin and Yohimbine in Segments of Sheep Carotid Artery 








Serotonin Yohimbine hydrochloride Contraction in major axis 
¥ per ml. 7 per mi. per cent 

0 0 0 

0.2 0 20 

0.2 0.06 28 

0.2 0.2 6 

0.2 1.0 fb 

0 4.0 0 

2.0 0 26 

2.0 0.2 26 











The amide (1.1 gm.) in dry ether (200 ml.) was treated with an equal 
weight of lithium aluminum hydride slurried in ether. The mixture was 
stirred for 4 hours and decomposed cautiously with water, then 10 per cent 
NaOH (50 ml.). The base was extracted from the ether layer with several 
portions of 0.1 nN HCl. The hydrochloride separated as an oil in the aque- 
ous phase and was converted to a picrate in aqueous acetone, yielding 1.45 
gm., m.p. 167-169°, 76 per cent. The melting point did not change upon 
further recrystallization. 


CigHeoN2- CeH3N307. Calculated. Cc 59.40, H 4.59, N 13.86 
Found. © 59.32, * 4.73, ** 13.71 


Antagonism of Action of Serotonin on Artery Rings by Yohimbine—The 
data of Table I will show that the vasoconstricting effect of serotonin was 
overcome by small amounts of yohimbine. This drug was more potent 
as an antimetabolite of serotonin than any of the synthetic analogues pre- 
viously examined. The inhibition index was approximately 1. In the 
usual test with artery rings, the serotonin was applied first, so that contrac- 
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tion was initiated before the antagonist was introduced. This order of 
addition was followed in the present trials. However, several experiments 
were performed in which the order of addition was reversed. In these, the 
results were not distinguishable from those observed when serotonin pre- 
ceded the yohimbine. This was of interest in view of the crucial nature 
of the order of addition for the demonstration of antagonism between 
adrenaline and yohimbine (5). 

Competitive Nature of Antagonism between Serotonin and Yohimbine— 
With each of three dilutions of serotonin ranging from 0.2 to 20 y per ml., 
a series of graded dilutions of yohimbine was examined. The point of 
half maximal inhibition was determined graphically as described previously 
(2). In this way the concentration of yohimbine was found which would 
nullify half maximally the constrictor effect of each concentration of sero- 


TaBLe II 


Amounts of Yohimbine Hydrochloride Required to Antagonize Half Mazimally Various 
Quantities of Serotonin 











Serotonin Yohimbine required | Inhibition index® - 
y per ml. € a ye dh: rs is 
0.2 0.1 | 1 
2.0 1.1 | 1.1 
20 17 1.7 








*The quantities of yohimbine represent amounts necessary to overcome half 
the serotonin; consequently the inhibition index is 1 and not 0.5. 


tonin. The results are summarized in Table II. The antagonism was 
competitive in character at least over a 100-fold range of concentration. 
An increase in serotonin required a corresponding increase in yohimbine in 
order to call forth equivalent responses in the artery rings. 

Antiserotonin Activities of Analogues Intermediate between Y ohimbine and 
Metabolite—The data of Table III will show the relative potencies of a 
number of structural analogues which may be considered intermediate in 
structure between serotonin and yohimbine. These were examined with 
artery rings as previously described (2). The activities of a few of these 
analogues have been reported earlier, but are included here along with the 
newly examined substances so that the complete series may be seen to- 
gether. With each of the analogues it was demonstrated that the inhibit- 
ing effect exhibited was reversible by increased amounts of serotonin. 

Antagonism between Tryptamine and Yohimbine—Because it might be 
said that yohimbine resembles tryptamine more closely than it does sero- 
tonin, it was of interest to determine what, if any, antagonism might be 
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found to exist between tryptamine and yohimbine. The tests were made 
in the same way as was described with serotonin, except that contraction 
of the rings was produced with tryptamine (4 y per ml.) instead of with 
serotonin. The constricting effect of tryptamine was overcome by yohim- 
bine. Thus, just as with the synthetic antimetabolites of serotonin (2), 
yohimbine interfered with the constricting effect of either serotonin or tryp- 
tamine. Tryptamine was much less powerful than serotonin, and conse- 
quently the inhibition index was less. This point has been discussed in 
connection with the synthetic antimetabolites of serotonin (2). This an- 
tagonism between tryptamine and yohimbine correlated well with the prior 
findings of Raymond-Hamet in intact animals (10). 


TaBLe III 


Amounts of Analogues Necessary to Inhibit Half Mazximally Contraction of Artery 
Rings Caused by 0.2 y of Serotonin per Ml. 











Com pee Name Amount 
y per ml. 
I | 3-Ethyl-5-aminoindole | 30 
II | 2-Methyl-3-ethyl-5-aminoindole 9 
III 1,2,3,4-Tetrahydro-6-aminocarbazole | 13 
IV | 1,2,3,4-Tetrahydrocarbazole | Inactive at 30 
V_ | 6-Aminoharman 15 
VI | Harman | 1 
VII | 3-8-N-(1,2,3,4-Tetrahydroisoquinolyl)ethyl-5-amino-_ | 5 
indole dihydrochloride | 
VIII | 3-8-N-(1,2,3,4-Tetrahydroisoquinolyl)ethylindole 4 
hydrochloride 
IX | Yohimbine hydrochloride 0.1 


Antagonism between Serotonin and Ergotoxine—When ergotoxine in 
graded amounts was examined with serotonin on artery rings, results such 
as those shown in Table IV were obtained. It can be seen that the alka- 
loids (ergotoxine is a mixture of three) interfered with the constricting 
effect of the metabolite. It was difficult to produce complete nullification 
of the serotonin effect, and the dose response curve differed in shape from 
that with yohimbine. However, the interference which did result from 
the ergotoxine could be overcome by increases in the amount of serotonin 
in the system. The low solubility of ergotoxine limited the range of con- 
centration which could be examined. 

Antagonism between Serotonin and Ergotamine—The data in Table IV 
will also show that serotonin was antagonized by ergotamine, and that 
this pure ergot alkaloid was of the same order of activity as was ergotoxine. 
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With ergotamine as with ergotoxine, the unusual shape of the dose response 
curve was still evident, but the antagonism was readily demonstrated. 
Dihydroergotamine methanesulfonate was inactive when tested at 15 y 
per ml. This was in contrast to the activity of ergotamine. The satura- 
tion of the double bond thus changed the capacity of this alkaloid to act 
as an antagonist to serotonin. It is well known that in intact animals 
ergotamine and dihydroergotamine differ in pharmacological properties. 


TaBLE IV 
Constrictions of Artery Rings Caused by Serotonin Plus Ergotoxine or Ergotamine 


Serotonin Ergotoxine Ergotamine tartrate Contraction in major 








ethanesulfonate axis 
¥ per mil. | ¥ per ml. | + per ml. per cent 

0 0 | 0 —3 
0.2 0 0 17 
0.2 | 2 0 14 
0.2 | 5 0 18 
0.2 10 0 8 
0.2 15 0 6 
0 15 0 —3 
0 0 0 0 
0.2 0 0 25 
0.2 0 1 26 
0.2 0 2 ll 
0.2 0 10 11 
0.2 0 15 3 
0 0 15 2 








The trial with ergotoxine was on a different artery from that with ergotamine. 


DISCUSSION 


The data recorded in this paper indicate that yohimbine and the ergot 
alkaloids function as antimetabolites of serotonin in the segments of carotid 
arteries. Not only are both kinds of drugs seen to be structural relatives 
of the metabolite, derived from it in ways which might be expected to 
convert it into an antimetabolite, but also they are reversible antagonists 
of this metabolite. Furthermore, a third class of drugs, namely the harman 
alkaloids, as for example harman itself, has been shown to function in this 
fashion and thus to be implicated with serotonin in mode of action. It is 
of interest therefore to reflect upon the known pharmacological properties 
of these various drugs and to realize that they have in common certain 
kinds of effects which might be expected to arise from substances interfer- 
ing with the known physiological actions of serotonin. Witness, for ex- 
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ample, the effects upon various kinds of smooth muscle and upon a func- 
tion such as blood pressure. 

Obviously, however, yohimbine, the ergot alkaloids, and the harman 
alkaloids are not pharmacologically equivalent. It is thus clear that their 
biological properties are not due solely to their capabilities of acting as 
antimetabolites of serotonin. The other features of their structures (aside 
from their kinship to serotonin) thus can be said to confer on each of them 
some biological properties which make each different from the others. Pos- 
sibly these additional attributes may be no more than enough to determine 
a different pattern of distribution to various organs. Possibly also they 
are such as to allow, let us say, yohimbine to interfere with the site of ac- 
tion of serotonin in tissue A, while ergotamine, let us say, is able to block 
serotonin sites in both tissues A and B. In any event, some of the biologi- 
cal effects of each of these drugs are clearly related to their being anti- 
metabolites of serotonin. 

In recent years there have been many efforts made to produce syntheti- 
cally compounds which would mimic the pharmacological effects of yohim- 
bine, and especially of the ergot alkaloids. These attempts have pro- 
ceeded more or less empirically by various simplifications of the structures 
of the natural alkaloids. If the viewpoint of the present paper is adopted, 
then it may be possible to proceed more directly to the desired goal by 
deliberately setting out to make antimetabolites of serotonin. If sufficient 
attention is given in these efforts to the incorporation into the new drugs 
of features which would assure proper distribution to various organs, and 
which would protect the compounds from destruction en route to these 
organs, then it may prove possible to achieve simple drugs which will lack 
some of the undesirable effects of the natural alkaloids. Being only anti- 
serotonins properly aimed at certain functions of this metabolite, they 
would lack the additional attributes which are not concerned with sero- 
tonin. This is a working hypothesis which seems to have merit at least as 
great as the empirical approach now being followed. 


SUMMARY 


Yohimbine was recognized to be a structural analogue of serotonin. In 
the test for antimetabolites of serotonin with segments of carotid arteries, 
yohimbine was found to be highly active. The antagonism was competi- 
tive over a large range of concentration. A graded series of compounds 
was synthesized which were all analogues of serotonin but which were pro- 
gressively more similar to yohimbine. Each substance was tested for its 
ability to act as an antimetabolite of serotonin. Most of these compounds 
proved to be active in this test. They thus formed a closely related series 
ranging from simple analogues of the metabolite up to the rather complex 
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alkaloid. The fact that harman and aminoharman were members of this 
series, and were antimetabolites, suggested that these and other naturally 
occurring harman alkaloids might owe a portion of their pharmacological 
properties to interference with the action of serotonin. The ergot alkaloids 
were recognized as structural analogues of serotonin. Ergotamine and 
ergotoxine were shown to inhibit the action of this metabolite on segments 
of carotid artery, and to do this in a fashion reversible by it. Reasons 
were given for thinking that the entire pharmacological action of yohim- 
bine and of the ergot alkaloids was not due to their behavior as antimetab- 
olites of serotonin. Suggestions were made as to how the findings of this 
study might help in the realization of synthetic agents capable of taking 
the place of these natural drugs, and perhaps of improving upon them. 
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The recent studies of Hanes et al. (6, 7) and others (8, 9) have shown 
that one of the mechanisms of the enzymatic removal of the glutamic acid 
moiety of glutathione consists in its transfer to other amino acids or pep- 
tides, with the liberation of cysteinylglycine and the formation of the 
respective y-glutamyl peptides. In a preceding paper some of the quanti- 
tative aspects of this enzymatically catalyzed transfer have been presented 
(9). A study of the effect of y-glutamyl peptides on the enzymatic cleav- 
age of glutathione has now led to the demonstration of the resynthesis of 
the tripeptide from cysteinylglycine and y-glutamyl peptides by an enzy- 
matically catalyzed exchange reaction. 


EX PERIMENTAL 


Substrates—Glutathione and glutamine were commercial samples ana- 
lyzed in this laboratory. The preparation and properties of cysteinyl- 
glycine have been described previously (9). The experiments were carried 
out with four different preparations of this dipeptide, of which three were 
synthesized in this laboratory and one was obtained through the courtesy 
of Dr. K. Bloch. It was not possible to obtain preparations of cysteinyl- 
glycine which on storage gave constant values in the Sullivan reaction, 
even when the samples were kept in vacuo with rigid exclusion of moisture. 
In addition to a slow oxidation of cysteinylglycine to cystinyldiglycine, up 
to 20 per cent of the peptide was converted to a product which did not give 
a positive Sullivan test after reduction with sodium amalgam. Further- 
more, evaluation of the utilizable amount of cysteinylglycine under the 
conditions of our experiments was made difficult by the fact that dissolved 
cysteinylglycine was decomposed quite rapidly to Sullivan-negative sub- 
stances (see (9) Tables I and IV, and Table IV of this paper). For these 


* Supported in part by grants from the Rockefeller Foundation, the Supreme 
Council, 33° Scottish Rite Masons of the Northern Jurisdiction, United States of 
America, and from the National Institute of Neurological Disease and Blindness 
(Grant B-226) of the National Institutes of Health, United States Public Health 
Service, and under a contract between the Office of Naval Research and the Psychi- 
atric Institute. Preliminary reports have appeared elsewhere (1-5). 
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reasons the amount of cysteinylglycine used is expressed in color equiva- 
lents as given by the Sullivan test rather than by absolute weight. 

y-Glutamyl Peptides—In a few of the experiments to be reported, a- and 
y-glutamyl glutamate, obtained through the courtesy of Dr. T. Jukes of 
the Lederle Laboratories Division, American Cyanamid Company, were 
used. Most experiments, however, were carried out with y-glutamy! pep- 
tides synthesized in this laboratory. The synthesis of these peptides, which 
have previously been prepared (10, 11) from amino acid ethyl esters, was 
facilitated by the use of the benzyl esters now easily accessible by a method 
recently reported (12). The preparation of y-glutamylglycylglycine which 
was used in one preliminary experiment (Table II) will be reported at a 
later date. 

L-Glutamic Acid Dibenzyl Ester Hydrochloride'—The yield of this ester, 
prepared from 35.8 gm. (0.24 mole) of glutamic acid and recrystallized from 
chloroform-petroleum ether, was 59 gm. (0.16 mole); m.p. 95-97°. 


CisH22NO,Cl (363.8). Calculated. C 62.9, H 6.1, N 3.9, Cl 9.6 
Found, 46238, FAG. 18 320, '5: 938 


t-Alanine Benzyl Ester Hydrochloride—The yield of this ester, prepared 
from 8.9 gm. (0.1 mole) of alanine and recrystallized from chloroform- 
petroleum ether, was 15.1 gm. (0.07 mole) of ester hydrochloride; m.p. 
140° (13). 


CioHy4O2NCl (215.7). Calculated, Cl 16.5; found, Cl 16.6 


Amino Acid Benzyl Esters—The free benzyl esters of the amino acids 
were prepared by suspending the hydrochlorides (0.043 mole) in 40 ml. of 
ice-cold chloroform and adding slowly 4.3 gm. of triethylamine (0.043 mole) 
with vigorous stirring. Ether (100 ml.) was added and the precipitated 
triethylammonium chloride removed by filtration. The free esters in ether- 
chloroform solution were used immediately for coupling with y-glutamyl 
azide (see below). 

Carbobenzyloxy-y-L-glutamyl Hydrazide—A mixture of carbobenzyloxy- 
L-glutamic acid y-ethy] ester (35 gm., 0.114 mole) (14) in 35 ml. of hydrazine 
hydrate (85 per cent) was heated on the steam bath for 15 minutes. After 
addition of 700 ml. of ice-cold water the solution was acidified with 6 N 
HCl to pH 1 and immediately brought back to pH 3.8 with 10 n NaOH. 
Crystallization of the hydrazide started immediately. The mixture was 
kept for 4 hours at 4° and filtered. The hydrazide was recrystallized from 
a minimal amount of boiling water. M.p. 177-178° (15) (yield 26 gm., 
0.088 mole). 


1 We are indebted to Dr. Ernest Borek for his participation in the synthetic pro- 
gram. 
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Carbobenzyloxy-y-L-glutamyl-L-glutamic Acid Dibenzyl Ester—Carboben- 
zyloxy~y-glutamyl hydrazide (5 gm., 0.017 mole) was dissolved in a mixture 
of 11 ml. of concentrated hydrochloric acid, 11 ml. of glacial acetic acid, 
and 180 ml. of water and layered with 180 ml. of ether in a separatory 
funnel (15). The mixture was cooled to —5° and sodium nitrite (1.45 gm., 
0.021 mole) in 20 ml. of ice water added in one portion. After thorough 
shaking the ether layer was separated and the water layer washed twice 
with 50 ml. portions of cold ether. The combined ether extracts were 
washed with 50 ml]. of ice water and dried over anhydrous sodium sulfate. 
To the ethereal solution was added a solution of glutamic acid dibenzyl 
ester prepared from 0.043 mole of hydrochloride (see above). The mixture 
was kept for 2 to 3 hours at —5° and then overnight at room temperature. 
The solvent was evaporated under reduced pressure; the syrupy residue 
was dissolved in chloroform, the solution was washed with 5 per cent 
hydrochloric acid and water, dried over anhydrous sodium sulfate, and 
evaporated to a small volume. Upon addition of petroleum ether, car- 
bobenzyloxy-y-glutamylglutamic acid dibenzyl ester separated as a solid 
which was recrystallized from chloroform-petroleum-ether, benzene-cyclo- 
hexane, or aqueous alcohol. (For the analytical data see Table I.) 

y-L-Glutamylglutamic Acid—The free peptide was obtained from the car- 
bobenzyloxy dibenzyl ester by hydrogenation with palladium black as a 
catalyst in 90 per cent methanol containing 0.5 per cent of acetic acid. 
The peptide was precipitated from the concentrated solution with ethanol. 
The free peptide was very hygroscopic. (For the analytical data see Table 
I.) 

The carbobenzyloxy-y-L-glutamyl peptides of u-alanine, glycine, and t-leu- 
cine benzyl ester as well as the free peptides were prepared in an analogous 
manner and with the same amounts of starting material as for y-glutamyl- 
glutamic acid. It will be noted that the carboxyl nitrogen (Table I) 
deviated slightly from 100 per cent (the expected value for a y-glutamyl 
peptide), in the case of y-glutamylleucine (95 per cent), but considerably 
in the case of y-glutamylglutamic acid (77 per cent). The carbon, hydro- 
gen, and nitrogen analyses for the derivatives (Table I, Compounds A to 
D) and for the peptides (Compounds E to H) are satisfactory, but, as 
they do not show any differentiation between a- and y-glutamyl] peptides, 
the possibility has to be considered that the a-peptides may be present 
as contaminants in the y-glutamylglutamic acid and y-glutamylleucine. 
The relative solubilities of the two isomers of the peptide derivatives and 
of the free peptides may account for the fact that pure y-glutamylgly- 
cine and y-glutamylalanine were obtained. The possibility cannot be ex- 
cluded that the derivatives represent a varying mixture of the two iso- 
mers and that therefore the melting points may not be representative of 
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the derivatives of the y-peptides. The question of the presence of an ad- 
mixture of a-peptide in y-glutamylleucine and y-glutamylglutamic acid 
has no bearing on the results obtained in the enzymatic experiments. 

Enzyme Preparation—A protein fraction from sheep kidney purified as 
described previously (9) or a kidney fraction prepared according to Binkley 
and Olson (17) was employed. 

Assays—For estimation of appearance and disappearance of cysteinyl- 
glycine or cysteine the modified Sullivan reaction was used, as previously 
described (9). 


TABLE II 
Determination of GSH by Glyoxalase under Varying Conditions 





Experiment 1 | Experiment 2 | Experiment 3 | Experiment 4 








Sa 











pM uM | uu uM 
CHE Bde eek eee eee 0.82 0.82 
TRON cates 352.5 stele ea ee 400 400 400 400 
Cysteinylglycine.............. 3.7 
DNS YIHCS 0S ie 05s cc de WOON 3 3 3 3 

Added after gassing for 60 min. 

ERS. Pee ehs oo ak Se eee 0.82t 0.82 | 
Cysteinylglycine.............. 3.7 
BONG lad yes) cain lenders ees 400t 


GSH fecOvered..... 6 os..c5c5c ss 0.21 0.82 0.86 0.02 





2 ml. of M/15 phosphate buffer contained the addition shown in the table. Incu- 
bation for 30 minutes at 37°. 


* Enzyme preparation according to Binkley and Olson (17). 
+ Gassed for another 60 minutes. 


A direct measure of changes in the glutathione concentration was ob- 
tained by the application of the specific glyoxalase method. Glyoxalase 
I and II were prepared according to Racker (18). In most experiments 
in which glutathione was to be determined by this method, cyanide was 
added in order to minimize oxidation of any sulfhydryl compounds. Since 
glutathione cannot be determined by the glyoxalase assay in the presence 
of cyanide, the removal of the latter before the addition of methylglyoxal 
and the glyoxalase fractions was accomplished by bubbling a vigorous 
stream of 95 per cent-5 per cent No-CO, through the solution for 60 to 120 
minutes, correction being made for any volume change. Most of the pro- 
tein present precipitated during the gassing and was removed by centrifu- 
gation. Control experiments showed that all the glutathione was recovered 
by this procedure (Table II, Experiment 2). 
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The addition of KCN-treated cysteinylglycine after removal of HCN 
and precipitation of most of the protein during the gassing resulted in 
complete inhibition of the glyoxalase reaction (Experiment 4, Table II). 
When cysteinylglycine was incubated with kidney enzyme and GSH was 
added after removal of cyanide, the tripeptide was recovered completely 
(Experiment 3). During incubation cysteinylglycine had apparently been 
split, thereby losing its ability to inhibit the glyoxalase test. In these 
experiments an enzyme prepared according to Binkley and Olson (17) was 
used ; this exhibited considerable activity in cleaving cysteinylglycine. The 
purified kidney extract, on the other hand, showed weak activity only of 
splitting the dipeptide, and therefore a stronger inhibitory action of cys- 
teinylglycine on glyoxalase could be expected. Since the effect of cysteinyl- 
glycine on glyoxalase activity requires some detailed study before a compre- 
hensive picture may be obtained, only those data are discussed which are 
needed for the interpretation of the GSH determination by glyoxalase 
under the conditions of our experiments. 


RESULTS AND DISCUSSION 


When glutathione (GSH) was incubated with purified kidney protein 
and amino acids or dipeptides as activators, the liberation of the cysteinyl- 
glycine leveled off at values corresponding to a breakdown of 60 to 85 per 
cent of the tripeptide (Figs. 1 and 2). Although a number of side reac- 
tions may influence the final extent of GSH breakdown (see below), the 
cleavage of the tripeptide according to Reaction 1 


(1) GSH + acceptor (amino acid or peptide) — y-glutamyl (amino acid or 
peptide) + cysteinylglycine 
was prevalent under the experimental conditions, and consequently the 
cessation of the liberation of cysteinylglycine suggested the attainment of 
an equilibrium. Furthermore, it has been demonstrated that dipeptides, 
in which, as in cysteinylglycine, the amino group of glycine was substituted, 
acted as effective acceptors of the y-glutamy] radical of GSH in the en- 
zymatically catalyzed transfer reaction (9). If possible effects of enzyme 
specificity are disregarded, these findings suggest the reversibility of Reac- 
tion 1. This was further supported by results of experiments in which the 
liberation and disappearance of cysteinylglycine in the presence and ab- 
sence of y-glutamyl peptides were estimated by the Sullivan reaction. Al- 
though by this color test there is no distinction between cysteine and 
cysteinylglycine under standard conditions, it has been shown previously 
with the aid of a modified Sullivan reaction that cysteinylglycine is the 
main product of GSH cleavage in the enzymatically catalyzed transfer of 
the y-glutamy] radical under the conditions of our experiments (9). When 
a y-glutamyl peptide was added to a mixture of enzyme and GSH and 
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activating amino acid or peptide, color densities in the Sullivan reaction 
observed after incubation were lower than in the control experiment with- 
out y-peptide (Fig. 1). a-Glutamylglycine did not inhibit the glutamine- 
activated cleavage of GSH, but acted as an activator of GSH cleavage. 
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Fic. 1. Enzymatic cleavage of GSH in the presence of y-glutamylpeptides. 5 ml. 
of 0.1 m of tris(hydroxymethyl)aminomethane (pH 8.6) contained 16.5 um of GSH, 
100 um of KCN, and 565 y of enzyme preparation. ©,-+ 70 um of glutamine; M, same 
+ 130 um of a-glutamylglycine; +, same + 130 um of y-glutamylglycine; @, solid 
line, + 75 um of alanine; broken line, same + 130 uM of y-glutamylalanine; O, solid 
line, + 75 uM of glycylglycine; broken line, same + 130 ue of y-glutamylglyeylglycine. 
Incubation at 37°. At the times indicated, 1 ml. was taken for the Sullivan reaction. 

Fig. 2. Effect of addition of y-glutamylpeptide on GSH cleavage. Six samples 
(@) of 2 ml. of 0.1 m tris(hydroxymethyl)aminomethane (pH 8.6) each containing 
6.6 um of GSH, 27 um of glutamine, 40 um of KCN, and 40 y of purified kidney pro- 
tein preparation. Incubation at 37°. After 100 minutes incubation 52 um of y-gluta- 
mylglycine were added to two samples (solid line). Seven samples (©) of 2 ml. 
of 0.1 m tris(hydroxymethyl)aminomethane (pH 8.6) each containing 6.6 um of 
GSH, 31 uM of alanine, 40 um of KCN, and 190 y of purified enzyme preparation. 
Incubation at 37°. After 80 minutes incubation, 26 um of y-glutamylalanine were 
added to two samples (solid line). At the times indicated samples were taken for 
determination (Sullivan). 


Although the decrease of glutamine-, alanine-, or glycylglycine-activated 
glutathione cleavage in the presence of y-glutamyl peptides may be inter- 
preted as a reversal of the cleavage of the tripeptide, it may also be under- 
stood on the basis of a competition of the y-peptides with GSH for the 
enzyme. 

The likelihood of the first alternative was shown in experiments in which 
y-peptides were added to the reaction mixture after the cleavage of GSH, 
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activated by glutamine or alanine, had already progressed to a consider- 
able degree (Fig. 2). The addition of y-glutamylglycine or y-glutamy]- 
alanine, respectively, resulted in a disappearance of cysteine equivalents as 
estimated by the Sullivan reaction. 

Since it may be assumed that the disappearance of Sullivan-positive 
compounds resulted from the interaction of cysteinylglycine and the 
y-glutamyl peptides, cysteinylglycine was incubated in separate experi- 
ments with a number of y-glutamyl peptides and purified kidney protein. 
As may be seen from Table III, the addition of any one of the three y- 
glutamyl] peptides tested led to a considerable decrease in the recovery of 
cysteine equivalents at the end of the incubation. Although the experi- 


Tas_e III 
Effect of y-Glutamyl Peptides on Recovery of Cysteinylglycine 





- | Cysteine equivalents 
Peptide added Enzyme (Sullivan method) 
| 





5] 
& 


None 


y-Glutamylglutamic acid 
“cc 


y-Glutamylleucine 


“ce 


y-Glutamylalanine 
“cc 


+iti+titt 
OorcorOorF Fe 
CO PRO ROROD 


The complete system contained in 1 ml. of m/15 phosphate buffer (pH 7.4), 2 um 
of cysteinylglycine, 300 um of KCN, and 120 y of purified kidney protein preparation 
and 31 uM of y-peptide. Incubation for 60 minutes at 37°. 


mental evidence presented suggested that GSH may have been resynthe- 
sized in all those experiments in which a decrease of cysteine equivalents in 
the Sullivan reaction was observed upon incubation of GSH or cysteinyl- 
glycine with y-glutamyl] peptides, the possibility could not be excluded that 
the decrease in the color reaction may have been caused by substitution of 
the amino group of cysteine, leading to Sullivan-negative compounds other 
than GSH. The direct proof of the synthesis of GSH under these experi- 
mental conditions was made possible by the use of the glyoxalase test. 
Cysteinylglycine and y-glutamylglycine were incubated with purified kid- 
ney extract and disappearance of cysteinylglycine and appearance of GSH 
were measured with the Sullivan and glyoxalase tests respectively (Table 
IV). The glyoxalase test? indicated a conversion of 8 per cent of cysteinyl- 


2 These conclusions are of course dependent on the specificity of glyoxalase to- 
wards glutathione or a compound containing glutathione as its main component. 
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glycine into GSH, whereas 25 per cent of the cysteinylglycine disappeared 
according to the Sullivan reaction. These values indicate the limits of the 
synthesis of GSH from cysteinylglycine initially available. The discrep- 
ancy may partly be explained by the inhibition of glyoxalase action by 
cysteinylglycine (see “Experimental”’). In addition to Reaction 1 the 
following conversions of GSH (Reactions 2 to 5) or of products of the 


TaBLe IV 
Enzymatic GSH Synthesis from Cysteinylglycine and y-Glutamylglycine 





Recovery after incubation 


Addition | | GSH 
Cysteinylgly- | 
cine, Sullivan | 











\ | Sullivan | Glyoxalase 
i “aud {lucky salt Bea pra ee ys 
Cysteinylglycine................ 6.0 | 4.2 0 0 
7 SO eS | 6.0 | ‘ 
y-Glutamylglycine............... 61.0 _ Me _ 
eSSREDE SYP Whee Cron rene Cape, 61.0 0 0 0 
GSE SECT Iss Se od eae 3.3 0.6 2.7f 0.3 


2 ml. of m/15 phosphate buffer (pH 7.4) contained 50 um of KCN, 280 y of puri- 
fied kidney protein preparation, and the addition indicated. Cysteinylglycine as 
determined by the Sullivan reaction, 0.7 um = 1.0 uM of cysteinylglycine by weight. 
Incubation for 60 minutes at 37°. 

*15 = 4.2 — 2.7, 

{2.7 = 3.3 — 0.6. 


transfer reaction may occur under the influence of the enzymes of the 
purified kidney extract. 


(2) Cysteinylglycine — cysteine + glycine 

(3) y-Glutamyl (amino acid or peptide) — glutamic acid or pyrrolidonecarboxylic 
acid + amino acid or peptide or polyglutamic acid peptides 

(3, a) GSH — glutamic acid or pyrrolidonecarboxylic acid + cysteinylglycine 

(4) GSH — y-glutamyleysteine + glycine 

(5) GSH — Sullivan- and glyoxalase-negative substances 


Reaction 2 has been largely eliminated, since, as shown in the previous 
paper (9), the enzyme extract in the concentrations used is only slightly 
active in splitting cysteinylglycine. The extent of the splitting of GSH 
into glutamylcysteine and glycine cannot be assessed in its quantitative 
aspects, but it may be assumed to be small (see below). For the extent 
of the breakdown of GSH into glutamic acid or pyrrolidonecarboxylic acid 
and cysteinylglycine the liberation of cysteinylglycine in experiments in 
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which no acceptor was added may be considered. This value amounted 
on the average to 5 to 15 per cent of that found after addition of glutamine 
as an activator. The detailed mechanism of the breakdown of GSH by 
Reaction 3, a as a special case of Reaction 3 under the conditions of Reac- 
tion 1 is not known. In this reaction GSH or the y-peptides may act by 
virtue of the free a-amino group of glutamic acid as acceptors of a y-glu- 
tamyl radical. This may lead to a secondary liberation of glutamic acid 
or pyrrolidonecarboxylic acid or the formation of polyglutamic acid pep- 
tides. Whether pyrrolidonecarboxylic acid found under the conditions of 
Reaction 1 (9) was partly derived from y-peptides cannot be decided. 

When GSH was incubated with a large amount of purified kidney extract 
without activators, the tripeptide was cleaved, as shown by an increase of 
the color density of the Sullivan reaction (Table IV). When the remain- 
ing GSH was estimated by the glyoxalase test on another aliquot, consid- 
erably less tripeptide was recovered than would be expected on the basis 
of the Sullivan reaction. This was taken to mean that under the action of 
the enzyme GSH underwent conversions which rendered it inactive as a 
coenzyme of glyoxalase, but did not lead to the liberation of the a-amino 
group of cysteine necessary for the Sullivan reaction. A cleavage of GSH 
into glutamylcysteine and glycine would be compatible with the results 
obtained were it not for the fact that the present evidence suggests that 
the major portion of the substance (positive in the Sullivan reaction) found 
in the cleavage of GSH is cysteinylglycine and not cysteine secondarily 
liberated from glutamylcysteine. It cannot be decided at present whe- 
ther, under the influence of the purified kidney extract, part of GSH or its 
split-products may have been converted into compounds other than the 
primary breakdown products of the tripeptide (Reaction 5). 

The experiments reported in this paper show that y-glutamyl peptides 
other than GSH can act as donors of the y-glutamy] radical and are in full 
accord with the results obtained by Hanes et al. (7). The transfer of the 
y-glutamy] radical to other amino acids and peptides is a reversible process, 
leading to the synthesis of GSH by interaction between y-glutamy] pep- 
tides and cysteinylglycine.* 

It is not possible at the present stage of our knowledge to assess the bi- 
ological significance of the synthesis of GSH from y-glutamy] peptides and 
cysteinylglycine. Although active enzyme systems which reversibly trans- 


3 Some years ago unsuccessful attempts were made in this laboratory to synthesize 
GSH from glutamine and cysteinylglycine with the aid of potent preparations of 
glutamotransferase ((19); cf. (20)). These experiments have now been repeated 
with the purified enzyme system from kidney with the same negative results. In 
accord with these negative findings is the observation by Johnston and Bloch (21) 
that glutamine replaced glutamic acid only partially in the enzymatic synthesis of 
GSH from the three component amino acids. 
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fer the y-glutamy] radical from GSH to amino acid and peptides are pres- 
ent not only in kidney but also in brain and liver, GSH is the only y-glu- 
tamyl peptide which up to the present has been found to occur in tissue 
extracts. Other y-peptides may have escaped discovery because of the 
lack of a functional group which would facilitate their detection. 

The synthesis of GSH from y-glutamyl peptides and cysteinylglycine is 
of particular interest, since it represents an alternative pathway to the 
synthesis of the tripeptide from the three constituent amino acids with the 
participation of adenosinetriphosphate, as demonstrated by Johnston and 
Bloch (22). In this synthesis y-glutamylcysteine appears to be formed 
first, and glycine is added with further utilization of ~P (23), while in the 
resynthesis of GSH by the exchange reaction the y-glutamyl] radical is 
transferred to preformed cysteinylglycine. (For a discussion of the bi- 
ological significance of the transfer of the y-glutamyl] radical see Waelsch 
(3).) 


SUMMARY 


The reversibility of the enzymatically catalyzed transfer of the y-glu- 
tamyl radical from glutathione to other amino acids and dipeptides is dem- 
onstrated. 

Glutathione is formed upon incubation of cysteinylglycine and y-glu- 
tamyl peptides with a purified enzyme preparation from kidney. The con- 
versions which glutathione may undergo under the influence of the enzyme 
preparation are discussed. The synthesis of several y-glutamy] peptides 
with the aid of benzyl esters of glycine, leucine, alanine and of the dibenzyl 
esters of glutamic acid is described. 


BIBLIOGRAPHY 


. Waelsch,.H., Fodor, P. J., and Miller, A., Federation Proc., 11, 304 (1952). 

. Fodor, P. J., Miller, A., and Waelsch, H., Nature, 170, 841 (1952). 

. Waelsch, H., in McElroy, W. D., and Glass, B., Phosphorus metabolism, Balti- 
more, 2, 109 (1952). 

. Waelsch, H., 2nd International Congress of Biochemistry, Symposium on Bio- 
genesis of Proteins, Paris (1952). 

. Waelsch, H., Advances in Enzymol., 18, 237 (1952). 

. Hanes, C. 8., Hird, F. R. J., and Isherwood, F. A., Nature, 167, 818 (1951). 

. Hanes, C.S8., Hird, F. R. J., and Isherwood, F. A., Biochem. J., 51, 25 (1952). 

. Binkley, F., and Christensen, G. M., Federation Proc., 11, 188 (1952). 

Fodor, P. J., Miller, A., and Waelsch, H., J. Biol. Chem., 202, 551 (1953). 

10. Le Quesne, W. J., and Young, G. T., J. Chem. Soc., 1959 (1950). 

11. Rowlands, D. A., and Young, G. T., J. Chem. Soc., 3937 (1952). 

12, Miller, H. K., and Waelsch, H., J. Am. Chem. Soc., 74, 1092 (1952). 

13. Brand, E., Erlanger, B. F., Sachs, H., and Polatnick, J., J. Am. Chem. Soc., 73, 

3510 (1951). 
14. Miller, H. K., and Waelsch, H., Arch. Biochem. and Biophys., 35, 176 (1952). 


wonre 


cS 


oo ni oo or 











1002 ENZYMATIC SYNTHESIS OF GLUTATHIONE 


. Hegediis, B., Helv. chim. acta, 31, 737 (1948). 

. Hamilton, P. B., and Van Slyke, D. D., J. Biol. Chem., 164, 249 (1946). 

. Binkley, F., and Olson, C. K., J. Biol. Chem., 188, 451 (1951). 

. Racker, E., J. Biol. Chem., 190, 685 (1951). 

. Waelsch, H., Borek, E., and, Grossowicz, N., Abstracts, American Chemical 


Society, 116th meeting, Atlantic City, 54C (1949). 


. Fruton, J.S., Yale J. Biol. and Med., 22, 263 (1950). 

. Johnston, R. B., and Bloch, K., J. Biol. Chem., 179, 493 (1949). 
. Johnston, R. B., and Bloch, K., J. Biol. Chem., 188, 221 (1951). 
. Snoke, J. E., and Bloch, K., J. Biol. Chem., 199, 407 (1952). 


an 


of 
of 
wl 
te! 
ab 
re’ 


of 
ok 
on 
By 
ric 
lig 
Hi 


an 
wl 


Dx 





Viena 


ical 








HYDROLYSIS OF CONJUGATES OF URINARY CORTICOIDS 
WITH s-GLUCURONIDASE 


I. NEUTRAL REDUCING LIPIDES 


By RALPH A. KINSELLA, Jr.,* anp JOHN H. GLICK, Jr. 


(From the Departments of Internal Medicine and Biological Chemistry, St. Louis 
University School of Medicine, St. Louis, Missouri) 


(Received for publication, February 24, 1953) 


Since urinary steroids are excreted as conjugates, principally of sulfuric 
and glucuronic acids, hydrolysis is a necessary preliminary procedure which 
must be carried out before the steroids may be readily extracted by means 
of organic solvents. The effectiveness of bacterial action in the hydrolysis 
of conjugates of estrogens was demonstrated by Cohen and Marrian (1) 
who allowed putrefaction to occur before extraction of urine, and by Pat- 
terson (2) who inoculated urine with Escherichia coli and incubated it for 
about 16 hours before extraction. Talbot, Ryan, and Wolfe (3) have 
reported the enzymatic hydrolysis of sodium pregnanediol glucuronidate 
by an extract from rat liver containing 6-glucuronidase. Buehler, Katz- 
man, and Doisy (4) have described and demonstrated a potent preparation 
of B-glucuronidase of bacterial origin as a hydrolytic agent! for conjugates 
of urinary estrogens and 17-ketosteroids (5, 6). Preliminary reports on 
the capacity of this agent to hydrolyze conjugates of neutral reducing 
lipides? (7) and formaldehydogenic lipides (8) have been made. Subse- 
quently, others (9-15) have also reported much higher values for urinary 
corticoids after hydrolysis with 6-glucuronidase. 

Talbot et al. (16) and Heard et al. (17) have related the urinary excretion 
of neutral reducing lipides to adrenal cortical function. The latter authors 
obtained values, expressed as the reducing equivalent of desoxycorticoster- 
one (DOC), ranging from 1.1 to 2.1 mg. per 24 hours for normal males. 
By means of continuous extraction of acidified urine with methylene chlo- 
ride, Pincus and Romanoff (18) obtained amounts of neutral reducing 
lipides which were from 4 to 5 times those obtained by the method of 
Heard et al. (17). Employing enzymatic hydrolysis and a procedure of 


* John and Mary R. Markle Scholar in the Medical Sciences. 

1 Hydrolysis brought about by addition of the culture fluid to urine is assumed 
to be due to the 6-glucuronidase content of the culture fluid because of the large 
amounts of enzyme present and since no hydrolysis is brought about by culture fluid 
which does not possess 6-glucuronidase activity. 

2 Unpublished findings of one of us (R. A. K., Jr.) reported by Buehler, Katzman, 
Doisy, and Doisy (5). 
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extraction and measurement somewhat modified from that originally de- 
scribed by Heard et al. (17), we have obtained values which range from 10 
to 20 times as great as those reported by Heard and his associates. That 
these higher values are related to adrenal cortical function is clearly indi- 
cated by the increased excretion of urinary neutral reducing lipides after 
the administration of adrenocorticotropin (ACTH) to normal males. 


EXPERIMENTAL 


The reagents, analytical grade except where otherwise specified, were 
similar to those employed by Heard and Sobel (19). 

Ether, concentrated, washed three times with water, briefly dried over 
anhydrous NaSO,, then distilled through a packed column 60 cm. in 
height, and stored over copper turnings in the ice box where it keeps in- 
definitely. 

Chloroform, freshly distilled. 

Acetic acid, refluxed over chromic oxide for 6 to 8 hours, then distilled. 

Phosphotungstomolybdic Acid Solution (PMA)—105 gm. of Na2Mo0Q,-- 
2H.0 and 10 gm. of NazWo,-2H:,0 were dissolved in distilled water. 16 
gm. of NaOH, pellets, were quickly weighed and added. After solution of 
these reagents was complete, the volume was brought to 750 ml. with 
water and 250 ml. of 85 per cent H;PO, were added. This solution ap- 
proximates that of Folin and Wu (20). 

Phosphotungstomolybdic Acid Reagent (PMR)—Equal parts of glacial ace- 
tic acid and PMA were mixed immediately before use, as described by 
Heard and Sobel (19). 

Culture Fluid—The culture fluid from E. coli prepared as described by 
Buehler et al. (4) was brought to pH 6.2 and then stored in the refrigerator. 

Urine was preserved by shaking with a few ml. of chloroform as each 
voiding was collected and storing in the refrigerator (6-10°) until analyzed. 

Preparation of Colorimetric Standards—The reducing power of desoxy- 
corticosterone (DOC) was chosen for the measurement of reducing power 
of the urinary neutral reducing lipides because of ready availability and 
because, in comparison with other cortical steroids, it is a relatively strong 
reducing agent. 

The amounts of DOC to be tested, contained in 0.1 ml. of glacial acetic 
acid, were carefully delivered to the bottom of a 300 ml. Erlenmeyer flask 
which was fitted with a standard taper mouth. 3 ml. of PMR were then 
added, the contents were mixed by swirling, and the flasks, stoppered with 
glass marbles, were placed in a boiling water bath. After 60 minutes, the 
flasks were removed and cooled at once with running tap water. 7 ml. of 
PMR were added; the contents were mixed and the intensity of the blue 
color was determined at once, by use of a Klett-Summerson photoelectric 
colorimeter with a red (660 mu) filter. The selection of 3 ml. of Heard’s 
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reagent (PMR) for the color development represents an effort to provide 
sufficient volume to insure solution of the reducing lipides and to maintain 
a volume small enough to be cooled rapidly. With DOC, 2 ml. of PMR 
were as satisfactory as 3 ml. of PMR for color development, but amounts 
approaching 10 ml. were associated with the development of relatively less 
color. The test solutions were read after adjusting the zero point of the 
instrument with a tube containing the same volume of PMR. With our 
DOC, the color did not exactly follow Beer’s law; consequently, a graph, in 
which readings in Klett units were plotted against micrograms of DOC, 
was used for interpolation. 

Hydrolysis and Extraction—Hydrolysis of urinary reducing lipides was 
carried out by adding 2 ml. of culture fluid to 10 ml. of urine, adjusting to 
pH 6.2 (glass electrode) with either 0.2 n HCl or 0.1 n NaOH, and incubat- 
ing at 37° for 12 to 18 hours. 0.2 ml. of chloroform was added, as a pre- 
servative, to the incubation mixture. 

After incubation for 16 to 18 hours, the mixture of urine and culture fluid 
was brought to pH 1 with 12 n H.SO, and transferred to a separatory fun- 
nel. Extraction was carried out with a mixture of ether and chloroform 
(4:1); 25 ml. were employed four times. The combined extracts were 
shaken four times with 5 ml. of chilled 0.1 n NaOH and four times with 5 
ml. of water, then dried with 1 to 2 gm. of anhydrous Na2SQO,, after which 
the extract was transferred to a 300 ml. Erlenmeyer flask and the solvent 
removed under reduced pressure with the flask immersed in a water bath 
at_ 35°. The reducing power of the residue was determined by the same 
procedure as that employed for the standard. 

The procedure was tested by the addition of known amounts of DOC to 
water and to urine. Recovery from both water and urine to which enzyme 
had not been added closely approached 100 per cent; when the recovery 
experiments included incubation of urine with enzyme, the values were 
slightly less accurate, in general, being somewhat more than the added 
DOC. 

Comments on Procedure—Employment of the 300 ml. Erlenmeyer flask as 
the vessel for the color reaction achieves considerable simplification over 
the procedure described by Heard et al. (17, 19) which involved transfer of 
the residue to a small test-tube for the color development and a second 
transfer, during which the dilution was accomplished, to the cuvette of the 
colorimeter. In practice, a large water bath which accommodates fourteen 
300 ml. flasks is used. This water bath is fitted with a constant leveling 
device and a tightly fitting cover through which the necks of the flasks 
protrude. The flasks are supported by a tray so that the bottoms of the 
flasks are about 2 cm. above the bottom of the water bath and are im- 
mersed in the boiling water to a depth of 4 cm. 

Ordinarily, the yields of neutral reducing lipides were not significantly 
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increased by the use of more than 1 ml. of culture fluid for 10 ml. of urine 
and incubation for 18 hours. Because of variations in glucuronidase ac- 
tivity among different preparations and the observation that approxi- 
mately 50 per cent of the glucuronidase activity of the culture fluid is lost 
on incubation at 37° for 24 hours, 2 ml. of culture fluid were taken instead 
of 1 ml. 

The culture fluid did not contribute significant amounts of reducing ac- 
tivity; in practice, blanks amounted to from 1 to 10 per cent of the reducing 
power of the aliquot. 

Bacterial growth during the incubation of urine and culture fluid con- 
stitutes an important source of error, both in terms of reducing power and 
formaldehydogenicity (unpublished data). Steps which may be taken to 
avoid putrefaction are extraction of the culture fluid with ether-chloroform 
or chloroform, before use, and preservation of the urine with chloroform 
during incubation with the enzyme. 

The analytical figures over a period of 2 years on urines preserved with 
chloroform and kept in the refrigerator did not vary more than 5 per cent 
from the average values. Therefore, the values obtained on properly pre- 
served urines are reliable for at least 2 years. 


Results 


The minimal period for complete hydrolysis of conjugates of the neutral 
reducing lipides of normal male urines has been found to be from 4 to 6 
hours. Some pregnancy urines, in which the concentration of neutral re- 
ducing lipides was relatively high, have yielded maximal values after 18 
hours of incubation. Representative values for varying periods of hy- 
drolysis are given in Table I. 

Because of the greater yields obtained on extraction at pH 1 than at 
neutrality by Heard et al. (17), the influence of pH on the extraction of 
neutral reducing lipides after hydrolysis with 6-glucuronidase was deter- 
mined (Table I). One pair of urinary aliquots was extracted at pH 6, 
while the other was adjusted to pH 1 before extraction. A relatively small 
increase in extractable reducing activity was obtained from urine brought 
to pH 1 before extraction over that obtained from urine extracted at the 
pH of the hydrolysis. The magnitude of the differences was independent 
of the period of hydrolysis and the total amount of reducing lipides ex- 
tracted. 

Average values for neutral reducing lipides of 4.2 mg. without hydrolysis, 
and 15.9 mg. after hydrolysis, were obtained for the 24 hour urines of 
sixteen normal men (Table II). Comparable values were found for those 
urines which were obtained during the last week of pregnancy. ‘The 
amounts of neutral reducing lipides obtained in this study without the use 
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of 6-glucuronidase are generally higher than those reported by Heard et al. 
(17). The urines to which 8-glucuronidase was not added were incubated 
under the same conditions as those to which enzyme had been added. 


TaBLeE [ 


Effect of Period of Incubation and pH at Time of Extraction on Recovery of Urinary 
Neutral Reducing Lipides 











Subject Incubation period mate anon ee erry 
pH 6 pHi 
(1) (2) (3) (4) (5) 
hrs. ¥ ¥ + 
R. A. 2.30 67 64 -3 
4.40 94 100 6 
23.20 100 110 10 
42.40 98 107 9 
J.G. 2.30 34 43 9 
4.40 46 52 6 
42.40 46 52 6 
M. B. 0 61 62 1 
1.10 88 104 16 
2.00 106 100 —6 
4.10 142 158 16 
23.00 195 214 19 
43.00 207 212 5 
M. B. 1.00 99 116 17 
2.00 130 139 9 
4.00 160 169 9 
21.00 186 195 9 
E.D 20.10 100 112 12 
M. K 20.10 52 55 3 
R.A 20.10 107 111 4 














The urines of Subjects R. A., J. G., and E. D. were from normal males; those of 
Subjects M. B. (two experiments) and M. K. were pregnancy urines obtained at 
term. 1 ml. of culture fluid was added to 10 ml. of urine from normal males, to 5 ml. 
of water and 5 ml. of urine of Subject M. B., and to7 ml. of water and 3 ml. of urine 
of Subject M. K. After incubation at 37° for the periods of time indicated, the mix- 
tures were extracted at once in duplicate, without adjustment of pH and after ad- 


| justment topH1. The values are expressed as the equivalent of the reducing power 


of DOC, in micrograms, for the aliquot taken. 


Since the urines were not boiled, it is likely that the variable amounts of 
glucuronidase present in urine brought about some hydrolysis. 

After hydrolysis with 6-glucuronidase, the range of values for the excre- 
tion of normal males was from 10.9 to 25.0 mg. per 24 hours. In order to 
determine whether this range among individuals was indicative of the 
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differences which could be expected in urines voided from day to day by 
one subject, a number of urines from each of several subjects was studied. 
The results are shown in Table III. It is apparent that the day to day 


TaBie II 
Neutral Reducing Lipides of Urine before and after Hydrolysis with B-Glucuronidase 
































Reducing lipides in 24 hr. uri | ; 
Subject No. | 24 hr. volume See ieanel | “Se 
| No hydrolysis | Hydrolyzed | 
Healthy males 
ml, mg. mg. mg. per |. 
1 633 3.1 13.7 yr 
2 800 3.2 13.6 17.0 
3 855 4.4 15.9 18.6 
4 1650 3.6 12.9 7.8 
5 1020 5.6 21.4 21.0 
6 1200 2.4 10.9 9.1 
7 750 4.3 15.0 20.0 
8 1850 2.6 10.5 5.7 
9 1450 5.2 18.8 13.0 
10 1250 6.3 14.6 1.7 
ll 645 3.9 18.3 28.4 
12 1440 7.9 25.0 17.4 
13 1500 4.0 20.4 13.6 
14 3330 4.0 15.3 4.6 
15 1320 4.2 14.9 ‘ 11.3 
16 930 2.8 12.5 13.4 
VOT 2) etiot. sz Ub dos SHc34 4.2* 15.9 
Pregnant females (term) 

1 2275 10.5 41.1 18.0 
2 650 6.1 26.0 40.0 
3 1025 5.1 23.8 23.2 











* The values obtained for urines from sixteen normal males and from three preg- 
nant females are expressed as the reducing power, in mg., of DOC. 


variations in neutral reducing lipide output by normal male subjects are 
considerably less than those among individual subjects. 

That the high values for urinary neutral reducing lipides obtained after 
hydrolysis may be correlated with adrenal cortical activity was tested by 
intramuscular administration of 120 U.S. P. units of ACTH in equal por- 
tions over a period of 12 hours. The 24 hour period of collection ended 12 
hours after the last injection. The figures, 48.9, 40.8, 34.2, and 35.8, for 
this period were significantly higher than the respective values, 22.3, 20.4, 
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In three of the four subjects, neutral 


reducing lipide output on the day following ACTH administration had 
fallen to control values (Table IV). 








Taste III 
Constancy of Daily Excretion of Neutral Reducing Lipides 
Subject No. Date 24 hr. volume Reducing lipides Concentration 
ml. mg. per 24 hrs. mg. per |. 
1 Feb. 15 3090 25.3 8.2 
1 $s RG 2650 23.0 8.7 
1 Se 3150 25.2 8.0 
1 anne 2790 26.2 9.3 
1 BARS | 3640 26.9 7.4 
2 oro 2010 29.7 14.8 
2 fe 2710 22.2 8.2 
2 2960 23.7 8.0 
3 ie | 865 16.4 19.0 
3 “ole 900 11.1 12.3 
3 dee 1400 27.4 19.6 
3 Ss 760 12.6 16.6 
3 * 890 9.9 pa 
+ paren | 1200 13.2 11.0 
4 re a6 915 12.6 13.8 
4 ee 840 10.6 12.6 
4 bt. 1815 12.7 7.0 
5 a biel 2905 18.0 6.2 
5 Fe. 56 2410 19.5 8.1 
5 were () 2510 18.6 7.4 
5 6 2375 16.6 7.0 
5 ae 2205 18.3 8.3 

















The values are expressed as the equivalent of the reducing power of DOC. 


TaBLe IV 


Excretion of Neutral Reducing Lipides by Normal Males Receiving ACTH 





Subject No. 


me whe 


Daily excretion as reducing equivalent of DOC 





Day before ACTH 


Day received ACTH 


Day after ACTH 





mg. per 24 hrs. 





22.3 
20.4 
25.3 
12.7 





| 
mg. per 24 hrs. | 
| 


48.9 
40.8 
34.2 
35.8 


mg. per 24 hrs. 
18.4 
32.8 
23.4 
12.7 





The urines were preserved with chloroform and stored in the ice box until studied. 
Each subject received 120 U. S. P. units of ACTH, divided into three equal doses, 
intramuscularly during the first 12 hours of the period of collection. Hydrolysis 
was carried out as described. - 

The values are expressed as the equivalent of the reducing power of DOC. 
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DISCUSSION 


That urinary excretion of neutral reducing lipides bears a relationship to 
adrenal cortical secretory activity was indicated by Talbot ef al. (16), and 
by Heard et al. (17), who demonstrated a relationship between the amounts 
of neutral reducing lipides in unhydrolyzed urine in clinically evident ad- 
renal dysfunction and after the administration of adrenal cortical extracts 
and ACTH. Preliminary hydrolysis with 6-glucuronidase as described in 
this paper permits the detection of a much larger proportion of the metabo- 
lites of the administered adrenal cortical steroids. As shown by the re- 
sponse of normal males to the administration of ACTH, these large yields 
also may be correlated with adrenal cortical secretory activity. 

The determination of urinary neutral reducing lipides by the method 
described appears to offer the possibility of better quantitative estimation 
of the secretory activity of the adrenal cortex. It should be emphasized 
that expression of the reducing activity in terms of the reducing power of 
DOC in all probability gives values considerably lower than are actually 
the case. To date, the principal steroids which have been isolated from 
normal urine are less active reducing agents than DOC. 

Studies are in progress directed at identification of the component com- 
pounds of the neutral reducing lipides and preliminary reports have been 
made of the quantitative significance of certain groups of compounds and 
of one compound in particular, pregnane-3a, 17a ,21-triol-11 ,20-dione (tet- 
rahydrocortisone) (8, 21). Although the so called ‘‘benzene-soluble”’ neu- 
tral reducing lipides are also related to adrenal cortical function, our work 
thus far has dealt mainly with those neutral reducing lipides which may 
be extracted from benzene with water. 


SUMMARY 


A modification of the method of Heard and his associates has been 
described for the extraction and measurement of neutral reducing lipides. 
Treatment of urine with 6-glucuronidase of bacterial origin makes possible 
the extraction of much larger amounts of neutral reducing lipides than may 
be obtained by hand extraction of acidified urine. As shown by the re- 
sponse to administered ACTH by normal males, these larger values may be 
related to adrenal secretory activity. 


The authors wish to express their appreciation to Philip A. Katzman and 
Edward A. Doisy for their interest and suggestions during the course of 
this work, and to Joseph Yglesias for technical assistance. 
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HYDROLYSIS OF CONJUGATES OF URINARY CORTICOIDS 
WITH 6-GLUCURONIDASE 


II. THE ISOLATION AND DETERMINATION OF 
TETRAHYDROCORTISONE* 


By BILLY BAGGETT,+ RALPH A. KINSELLA, Jr.,{ anp EDWARD A. DOISY 


(From the Departments of Biological Chemistry and Internal Medicine, St. Louis 
University School of Medicine, St. Louis, Missourt) 


(Received for publication, February 24, 1953) 


Hydrolysis of conjugates of urinary neutral reducing lipides by means of 
8-glucuronidase of bacterial origin, as described in Paper I of this series 
(1), permits the extraction from urine of much larger amounts of these sub- 
stances than may be obtained by extraction of acidified urine in separatory 
funnels. The isolation of a crystalline reducing steroid from normal urine 
which had been treated with 8-glucuronidase was reported at the meeting 
of the American Society of Biological Chemists in Cleveland in 1951;! this 
steroid subsequently was found to be identical with pregnane-3a, 17a,21- 
triol-11,20-dione (tetrahydrocortisone). The isolation and identification 
of this compound from normal urine were also reported by Schneider (3) 
at the same meeting. Previously, Lieberman, Hariton, and Dobriner (4) 
had reported its isolation from urinary extracts which had been incubated 
with 6-glucuronidase from calf spleen. The urines were obtained from 
subjects who had been treated with ACTH (adrenocorticotropin) and corti- 
sone acetate. 

Several formaldehydogenic and reducing lipides had been isolated from 
normal urine prior to the full appreciation of the desirability of hydrolyzing 
conjugated products of excretion. These were 17-hydroxy-11-dehydro- 
_ corticosterone (cortisone) (5), 17-hydroxycorticosterone (Kendall’s Com- 
pound F) (6), pregnane-17a,21-diol-3 ,11,20-trione (6), and tetrahydro- 
cortisone (5), each of which was isolated in a small amount, less than 100 y 
per liter of normal urine. Subsequently, Schneider reported the isolation 

* Presented in part before the American Society for Clinical Investigation, At- 
lantic City, May, 1952. 

This paper, in part, is based on work performed under contract No. AT(11-1)-201 
between the Atomic Energy Commission and St. Louis University. 

{ The material presented herein is taken, in part, from a thesis submitted to the 
Graduate School of St. Louis University by Billy Baggett in partial fulfilment of 
the requirements for the degree of Doctor of Philosophy in Biochemistry. Present 
address, Massachusetts General Hospital, Boston 14, Massachusetts. 

t John and Mary R. Markle Scholar in the Medical Sciences. 

1 Oral presentation of data not included in the printed abstract (2). 
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of tetrahydrocortisone (214 y per liter) from normal urine which had been 
incubated with 6-glucuronidase prepared from calf spleen (3,6). In stud- 
ies of urines obtained from patients with Cushing’s syndrome and from 
patients treated with ACTH, Mason and Sprague (7) and Mason (8) iso- 
lated Kendall’s Compound F; following treatment with cortisone, this com- 
pound was obtained unchanged from the urine by Mason. Other im- 
portant contributions have been made to the following aspects of the 
corticoid field: the hydrolysis of conjugates by the continuous extraction of 
acidified urine by Pincus and Romanoff (9), evidence for occurrence of 
several conjugates of adrenal cortical metabolites in urine presented by 
Marrian and Cox (10, 11), and the introduction of paper chromatography 
to the study of corticoids present in urine by Burton, Zaffaroni, and Keut- 
mann (12). 

Since the urinary neutral reducing lipides and formaldehydogenic lipides, 
measured after enzymatic hydrolysis, have been related to adrenal cortical 
function (1, 2), the study of a major component of this fraction should 
yield valuable information concerning the metabolism of adrenal cortical 
steroids. This paper is a report on the isolation of tetrahydrocortisone 
from normal urine which had been incubated with 6-glucuronidase and on 
the daily excretion of tetrahydrocortisone by a number of subjects under 
normal and experimental conditions. 


EXPERIMENTAL 


Isolation of Tetrahydrocortisone from Pooled Urine—Preliminary studies 
with paper chromatography as described below indicated marked increases 
in two reducing compounds following incubation of human urine with bac- 
terial 8-glucuronidase. One of these compounds was isolated and identified 
as tetrahydrocortisone by the following procedure; the other has not yet 
been identified but the evidence now available indicates that it is not a 
steroid. 

31 liters of pooled urine collected from normal males were subjected to 
hydrolysis with bacterial 8-glucuronidase. Approximately 50,000 units 
were utilized per liter of urine, and the incubation was carried out for 48 
hours at pH 6.2 and at a temperature of 37°. 

Following incubation, the urine was acidified to pH 1 and extracted three 
times with 0.1 volume of chloroform. The extract of the urine was washed 
three times with 0.1 volume of 0.1 n NaOH, twice with water, dried with 
anhydrous sodium sulfate, and evaporated to dryness in vacuo. 

The crude residue was dissolved in benzene, and the benzene solution 
was extracted four times with 2.5 volumes of water. The aqueous solution 
was extracted three times with equal volumes of chloroform, and the chloro- 
form solution was dried and evaporated in vacuo. The resulting residue 
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was subjected to a Girard separation with fractional hydrolysis according 
to the method of Mason (8). The fractionation was repeated on the non- 
ketonic fraction, the resulting ketonic fractions being combined with those 
from the original Girard separation. 

The ketonic fraction, of which the Girard complex was hydrolyzed by 
acidification to the dark blue color of Congo red, contained the compound 
subsequently identified as tetrahydrocortisone. This fraction was chro- 
matographed on magnesium silicate-Celite (1:1). The fractions eluted 
with mixtures of ether and ethyl acetate were combined and crystallized 
from a mixture of ethyl acetate and petroleum ether. Repeated crystalli- 
zations from this solvent system and from a mixture of benzene and acetone 
resulted in a crystalline product weighing 24.3 mg. Its melting point? of 
180-183° was not depressed by admixture with tetrahydrocortisone (m.p. 
180-183°) which had been prepared from an authentic sample of its diace- 
tate, kindly furnished by Dr. L. H. Sarett of Merck and Company, Inc. 
The two samples exhibited the same absorption spectrum when treated 
with concentrated H.SO, according to the method of Zaffaroni (13). The 
synthetic compound and the substance isolated from urine were identical 
with respect to the rate of movement on paper chromatograms.’ 

The results of an elemental analysis carried out on a sample of the 
urinary compound dried at 60° and 1 mm. for 8 hours indicated a mono- 
hydrate of tetrahydrocortisone. These results were as follows: 


C2iH320;-H20. Calculated, C 65.94, H 8.96; found, C 65.20, H 9.04 


A small quantity of impure material obtained from the mother liquors in 
the crystallization of the urinary compound was acetylated with acetic 
anhydride in pyridine. 3 mg. of crystalline material melting constantly at 
225-228° were obtained from the reaction mixture. It did not depress the 
melting point of an authentic specimen of tetrahydrocortisone diacetate 
which also melted at 225-228°. Other workers have reported melting points 
of 233-236° (14), 234-238° (4), and 226-228° (5). 

Although the total quantity of tetrahydrocortisone isolated from the 31 
liters of urine was 26.7 mg. (0.86 mg. per liter), subsequent studies of the 
method of hydrolysis and extraction carried out on the same batch of urine 
clearly showed that an inadequate amount of enzyme for hydrolysis and 


2 All melting points reported here were determined on a Fisher-Johns apparatus 
and are uncorrected. The melting points of both tetrahydrocortisone and its di- 
acetate varied markedly with the degree of pulverization, a phenomenon reported 
by other workers as occurring with certain other steroids of this type. The melting 
points given were obtained on samples pulverized as finely as possible. 

’ The rate of movement of the compound isolated from urine corresponded to the 
more mobile of the two principal spots observed on paper chromatograms of urinary 
extracts. See ‘‘Discussion”’ in a later section of this paper. 
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an insufficient quantity of organic solvent for the extraction had been used. 
On the basis of these later experiments in which adequate amounts of 
enzyme and more efficient extraction were used in combination with paper 
chromatography, it was found that somewhat less than half of the tetra- 
hydrocortisone had been obtained from the urine used in the isolation work. 
These results were so interesting that it seemed desirable to ascertain values 
for the excretion of tetrahydrocortisone for a number of normal individuals. 

Preparation of Urinary Extracts for Chromatography—24 hour urine sam- 
ples were collected, preserved with chloroform, and stored at 10°. 40 to 
80 ml. aliquots were incubated for 24 hours at pH 6.2 and 37° with 0.05 
volume of bacterial 8-glucuronidase (from 1500 to 2000 units per ml.) pre- 
pared according to the method of Buehler et al. (15). At the end of this 
period, the same volume of enzyme was again added and the incubation 
carried out for another 24 hours. During the incubation, the urine was 
preserved with a few drops of chloroform to prevent the growth of micro- 
organisms. 

At the end of the incubation period, the urine was acidified to pH 1 with 
4 m H.SO, and extracted four times with equal volumes of a mixture of 4 
parts of redistilled ether (Mallinckrodt, U. 8. P., concentrated) and 1 part 
of redistilled chloroform (Mallinckrodt, analytical reagent). This method 
of extraction, which is similar to that of Heard et al. (16), gave emulsions 
only rarely. The ether-chloroform extract was washed three times with 
0.05 volume of chilled 0.1 Nn NaOH and three times with a similar volume 
of water. It was then dried with anhydrous sodium sulfate, evaporated to 
dryness in vacuo at a bath temperature below 40°, and dissolved in 1.0 ml. 
of absolute ethanol. This extraction procedure resulted in recoveries of 
from 90 to 95 per cent of the tetrahydrocortisone from aqueous solutions. 

Paper Chromatography—These extracts were subjected to paper chro- 
matography in the propylene glycol-toluene system described by Burton, 
Zaffaroni, and Keutmann (17). The samples were introduced onto the 
propylene glycol-saturated strips in 0.25 ml. of the solution in absolute 
ethanol (equivalent to 10 to 20 ml. of urine). This volume was measured 
by counting the number of drops of solution delivered from a 24 gage hypo- 
dermic needle which had been calibrated previously. Each drop was al- 
lowed to evaporate before the next was released; the rate of evaporation 
was increased by directing a stream of nitrogen against the underside of the 
strip which was suspended between two inverted beakers. This method 
resulted in a spot approximately 1 cm. in diameter. Triplicate strips were 
prepared for each urinary extract. 

A series of known steroids was chromatographed with each set of urinary 
extracts to serve as standards for the identification of the steroids on the 
chromatograms of urinary extracts. Those used routinely were tetrahy- 
drocortisone and Kendall’s Compounds E and F. 
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The chromatograms were allowed to develop from 5 to 8 days, depending 
upon the rate of movement of tetrahydrocortisone as determined by occa- 
sionally developed strips. None of the spots found on chromatograms 
after this period could be resolved into additional spots by longer periods 
of development. The developed chromatograms were removed from the 
chamber and allowed to dry at room temperature, and then one of each 
set of triplicates was treated with ammoniacal silver hydroxide according 
to the method of Burton, Zaffaroni, and Keutmann (17). These strips 
served to locate the a-ketolic steroids and to approximate the amount of 
each present. The other paper strips from each set were cut into sections 
corresponding to spots observed on the first. Completeness of recovery of 
the tetrahydrocortisone spot was checked by developing the cut ends. 
Each section was elutriated with three 3 ml. washings of methanol and 
filtered through a sintered glass funnel. The elutriates were taken to dry- 
ness under a stream of nitrogen. Corresponding sections from blank strips 
of paper were extracted in the same manner to serve as blanks in the quan- 
titative determination. 

Determination of Tetrahydrocortisone—Since the principal urinary a-ke- 
tolic steroids were found to be 17 ,21-dihydroxy-20-ketosteroids, the phenyl- 
hydrazine method of Porter and Silber (18) was utilized for the quantitative 
measurement of these compounds in elutriates from the chromatograms. 
Control experiments with this reaction showed that the intensity of the 
color is proportional to the amount of tetrahydrocortisone and that the 
color is stable for at least 2} hours. Readings were made at the wave- 
length, 415 my, at which maximal absorption occurred. 

The values reported in this paper were obtained from the readings of the 
colored products resulting from the application of this reaction to the 
residues of elutriates from the paper strips after correction for the color 
contributed by the paper blanks. In the earlier phases of this work, the 
paper blanks were found to be quite variable from analysis to analysis, but 
were more constant within an individual experiment. The average amount 
of color produced by the blanks, representing 6 to 12 cm. of paper strip, 
was equivalent to that given by from 10 to 20 y of tetrahydrocortisone. 

In order to improve the accuracy of the quantitative method, another 
step was introduced which reduced the blanks to values too small to be 
measured. The residues obtained after evaporation of the methanol used 
for elutriation were transferred with 25 ml. of chloroform to a separatory 
funnel. The chloroform was shaken with 5 ml. of water and separated. 
The water was shaken with 5 ml. of chloroform and the chloroform portions 
were combined. ‘The chloroform was removed under a stream of nitrogen, 
a hot water bath to facilitate the evaporation being employed. This pro- 
cedure, which removes 96 per cent of the propylene glycol originally present 
in the chloroform, reduces color formation of the blanks to negligible 
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amounts. The recovery of tetrahydrocortisone added to the chloroform 
and subjected to the procedure outlined above amounted to 96.5 per cent. 

The failure to obtain values for the recovery of tetrahydrocortisone added 
to urine more closely approaching 100 per cent is due to two factors: (1) 
the necessity of washing the initial extract of urine, and (2) the impossi- 
bility of complete recovery from the paper chromatogram. 

The first factor was examined by determining the partition ratio‘ of 
tetrahydrocortisone between water and the mixture of ether-chloroform 
(4:1). On the basis of the partition ratio, it was calculated that 8 per cent 
of the steroid would be removed from the organic phase by the washings 
used to prepare the extract for chromatography. In an experimental study 
of this point, 92.5 per cent of the steroid remained in the organic phase. 

In a study of the second factor, the recovery of tetrahydrocortisone from 
paper strips was studied. This included extraction with methanol and the 
washing of the chloroform solution of the elutriate with water to reduce the 
value of the blank to zero. The recovery approximated 90 per cent, values 
ranging from 88.1 to 91.6 per cent. 

If these demonstrated and evaluated losses (8 and 10 per cent) are taken 
into account, it is apparent that values no larger than 82 per cent of the 
amount of tetrahydrocortisone present in urine should be obtained. In 
practice, the results of the over-all recovery of tetrahydrocortisone have 
ranged from 73 to 84 per cent with an average close to 80 per cent. Ac- 
cordingly, in view of these measured losses, it is apparent that the values 
reported in Tables I and II are only 80 per cent of the amounts actually 
present in urine. 

The daily urinary excretion of tetrahydrocortisone by several individuals 
is given in Table I. These values range from 2.0 to 7.4 mg. per 24 hours. 
The excretion of Subject 1 is of interest because it is much larger than those 
of the other male subjects and the values (5.1 to 7.4 mg. per 24 hours) are 
remarkably constant. After the administration of ACTH to Subject 1, 
the amount of tetrahydrocortisone excréted in the 24 hour urine was in- 
creased to approximately 3 times the average of the control values (Table 
II). This, coupled with the recovery in the urine of tetrahydrocortisone 
equivalent to 28 per cent of the cortisone which had been taken orally by 
Subject 1 and to 18.5 per cent of the cortisone which had been taken orally 
by Subject 2, indicates that cortisone is a precursor of tetrahydrocortisone 
and that the adrenal secretes cortisone or a substance similar in character 
which is metabolized to tetrahydrocortisone. The low value for tetra- 
hydrocortisone in the urine obtained from a patient with panhypopituitar- 

4In some of these experiments, the reducing power of tetrahydrocortisone (1) 


was utilized for estimation. The reducing power of 1.0 mg. of desoxycorticosterone 
is equivalent to that of 2.2 mg. of tetrahydrocortisone. 
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ism (Sheehan’s syndrome) and the elevated figure obtained on urine from a 
patient with Cushing’s syndrome also indicate that the excretion of this 
compound is related to adrenal cortical function. The recovery of in- 
creased urinary tetrahydrocortisone after the administration of Compound 


F indicates that it also may be a significant precursor of tetrahydrocortisone 
(Table IT). 


TaBLeE I 
Urinary Excretion of Tetrahydrocortisone 


Subject No. Description | Volume of 24 hr. urine aes gue 
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* The subject was suffering from a mild infection of the upper respiratory tract. 


Other Compounds Detected on Paper Chromatograms—lIn addition to tetra- 
hydrocortisone, three other compounds which reduced ammoniacal silver 
were observed on the chromatograms obtained from the extracts of urine 
which had been hydrolyzed with 8-glucuronidase. Two of these corre- 
sponding to Kendall’s Compounds E and F were present at a concentration 
of from 100 to 200 y per 24 hour urine sample, a 3- to 4-fold increase over 
the quantity obtained from unhydrolyzed urine. The third compound and 
tetrahydrocortisone were less mobile than Compounds E and F. They 
were present in much greater concentrations, totaling approximately 1.0 to 
8.0 mg. per 24 hour urine as estimated by the intensity of the spots result- 
ing when the chromatograms were treated with the ammoniacal silver 
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reagent. This represented a 10- to 50-fold increase over their concentra- 
tions in extracts of unhydrolyzed urine. 

The more mobile of these two compounds was demonstrated to be tetra- 
hydrocortisone by isolation and identification as outlined above. The less 
mobile compound has not yet been identified. This compound does not 
react with the phenylhydrazine reagent of Porter and Silber to form the 


TABLE II 


Urinary Tetrahydrocortisone after Administration of ACTH, Compound E Acetate, 
and Compound F 























Excretion of tetrahydrocortisone 
Subject See ae, eee Route of _— — . 
7. Material administered slinialatatiie . Per cent 
Control Experi- con- 
mental version 
Wis |) Hie 
1 120 units ACTH Intramuscular 5.9 17.9 
1 400 mg. Compound E acetate Oral 5.9 102.1 27.9 
1 200 ‘S oe “i ty Intramuscular 5.9 13.0 4.1 
1 400 ‘ re F Oral 5.9 23.2 4.3 
1 200 << oy is Intramuscular 5.9 18.2 6.0 
Z 3a0 SS ve E acetate Oral 2.2 63.8 18.5 
2 400 <“‘ ¢ F - 2.2 32.6 7.6 




















The subjects were normal males identified as in Table I. Analyses were carried 
out simultaneously with those on control urines (Table I). Three intramuscular 
injections of 40 units of ACTH each were given at intervals of 4to6 hours. Steroids 
were administered in three equally divided portions at intervals of 4 hours. The 
collection of urine covered the 24 hour period beginning with the administration of 
the first dose. The heading of the last column, per cent conversion, is used for 
convenience. Although the increased excretion is due to the administered com- 
pound, and we believe that the compound is converted to tetrahydrocortisone, we 
have no absolute proof of this conversion. ACTH (corticotropin, Wilson) was 
furnished by Dr. David Klein, The Wilson Laboratories, Chicago, Illinois. Adrenal 
steroids, Compound E acetate, and Compound F were supplied by Dr. Elmer Alpert, 
Merck and Company, Inc., Rahway, New Jersey. 


characteristic yellow color, thereby indicating the absence of a 17 ,21-dihy- 
droxy-20-keto grouping.® A reducing compound of similar mobility is also 
found in ether-chloroform extracts of the Escherichia coli culture medium 
used as a source of glucuronidase. The culture fluid, however, was not 
the source of this compound appearing on chromatograms of urinary ex- 
tracts, since it still appeared after the culture fluid had been exhaustively 
extracted with the ether-chloroform mixture before being used for hy- 


5 Since the unidentified compound observed on the chromatograms fails to give 
the characteristic colored products with phenylhydrazine in sulfuric acid, it is 
improbable that it is pregnane-3a, 118, 17a, 21-tetrol-20-one. 
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drolysis of urinary conjugates. Chromatograms of extracts of incubated 
enzyme which had previously been extracted showed no areas which re- 
duced ammoniacal silver hydroxide. The quantity of this reducing com- 
pound in the urine was increased by the administration of adrenocortico- 
tropin, Kendall’s Compound F, and cortisone. Its concentration in all 
urines studied was approximately one-half that of tetrahydrocortisone, as 
judged by the intensities of the reduced silver spots on the chromatograms. 


DISCUSSION 


Tetrahydrocortisone was first isolated from normal human urine by 
Schneider, who obtained 6 mg. as the diacetate from 1000 liters of un- 
hydrolyzed urine (5). Lieberman, Hariton, and Dobriner, using -glu- 
curonidase prepared from calf spleen, isolated an unspecified quantity from 
extracts prepared from the urine of subjects receiving adrenocorticotropin 
or cortisone (4). The importance of this compound as an adrenal cortical 
metabolite was subsequently suggested by Schneider, who isolated 18.5 mg. 
as the diacetate from 70 liters of urine (3, 5) which had been incubated with 
8-glucuronidase, by Baggett, Glick, and Kinsella (19), and by Dohan and 
Richardson (20). No other a-ketolic steroid has been found on paper 
chromatograms of urinary extracts in quantities approaching the quantity 
of tetrahydrocortisone found in this study. 

Although pregnane-3a, 118, 17a,21-tetrol-20-one (tetrahydro F) has been 
isolated by Lieberman, Hariton, Stokem, Studer, and Dobriner from urine 
collected from patients receiving adrenocorticotropin (21), it has not been 
encountered in our work either on paper chromatograms or during the iso- 
lation of tetrahydrocortisone. Unfortunately, this compound has not been 
available to us for a study of its movement on paper chromatograms, but 
it seems likely that it would be separated from tetrahydrocortisone since 
other compounds differing only in the nature of the 11l-oxygen function 
are well separated. Zaffaroni and Burton were able to separate allopreg- 
nane-38 , 17a,21-triol-11 ,20-dione from allopregnane-38 , 118 , 17a ,21-tetrol- 
20-one by this system of paper chromatography (22). In the isolation 
work reported in this paper, the quantity of tetrahydrocortisone obtained 
was about 90 per cent of that estimated to be present in the crude extract 
by means of paper chromatography. This offers further evidence that the 
single spot assigned to tetrahydrocortisone is not actually a mixture con- 
taining appreciable quantities of any other a-ketolic steroid. While the 
available evidence indicates that quantitatively the 11-hydroxy compound 
is of minor importance in normal urine as compared with that of the 11-keto 
compound, tetrahydrocortisone, the possibility of excretion of the 11-hy- 
droxy compound in a conjugated form which has not yet been successfully 
hydrolyzed does exist. 

The chemical structure of tetrahydrocortisone clearly indicates that it is 
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a metabolite of an adrenal cortical steroid or steroids. The marked in- 
crease in the excretion of.this compound following the administration of 
adrenocorticotropin, Compound E, and Compound F affords more evidence 
that tetrahydrocortisone is a metabolite of compounds formed in the ad- 
renal. 

SUMMARY 


By use of the paper chromatographic method of Zaffaroni, tetrahydro- 
cortisone has been found to be the principal a-ketolic steroid extractable 
from human urine after hydrolysis with bacterial 6-glucuronidase. The 
compound was identified by isolation in crystalline form and characteriza- 
tion. The daily excretion of this compound by the group of normal indi- 
viduals studied was 2.0 to 7.4 mg. The excretion of tetrahydrocortisone 
was markedly increased by the administration of adrenocorticotropin and 
Kendall’s Compounds E and F. 


The authors wish to thank Dr. 8S. A. Thayer of the Department of Bio- 
chemistry, St. Louis University School of Medicine, for the elemental 
analysis. 
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THE METABOLISM OF 2-CARBON COMPOUNDS RELATED TO 
GLYCINE 


I. GLYOXYLIC ACID* 


By ARTHUR WEISSBACH{ ann DAVID B. SPRINSON 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York, New York) 


(Received for publication, September 12, 1952) 


In several biochemical processes glycine undergoes a reaction which ap- 
pears to involve a condensation of 2 a-carbon atoms. This may be illus- 
trated by the conversion of a-labeled glycine to doubly labeled acetate 
(2, 3) and a,@-labeled serine (4, 5). In the biosynthesis of heme the 
a-carbon atoms of the pyrrole rings under the vinyl and propionate side 
chains as well as the methene carbon atoms are derived from the a-carbon 
atom of glycine, indicating condensation of three pairs of a-carbon atoms of 
glycine in the heme molecule (6). “Formate” and 1-carbon intermediates 
related to it have been shown to condense with glycine to yield serine (7), 
but neither these intermediates (8-10) nor the B-carbon atom of serine 
(10)! is utilized for the synthesis of heme. 

The analogy which exists between the incorporation of the a-carbon of 
glycine and the carbon of formate, formaldehyde, and methyl groups into 
the 6 position of serine has led to the assumption that the a-carbon atom of 
glycine is a precursor of a l-carbon intermediate. In order to clarify the 
role of glyoxylate in this process, it was decided to investigate the metab- 
olism of aldehyde-labeled glyoxylic acid-C" by a comparison of its behavior 
in the intact animal to that of glycine-2-C™. 

The conversion of doubly labeled glyoxylate to urinary hippuric and 
oxalic acids has recently been reported by another group of investigators 
(11, 12). Since glycine did not give rise to oxalate, it was concluded that 
glycine is not metabolized by way of glyoxylate. As will be shown below, 
the utilization of glyoxylate for hippurate and oxalate excretion is variable. 
Under certain conditions negligible amounts of oxalate are excreted. It 


* Presented at the meeting of the American Society of Biological Chemists at 
Cleveland, Ohio, May, 1951 (1). This work was supported by a grant from the 
American Cancer Society on recommendation of the Committee on Growth of the 
National Research Council. 

+ Life Insurance Medical Research Predoctoral Fellow, 1950-52. This report is 
from a dissertation to be submitted by Arthur Weissbach in partial fulfilment of the 
requirement for the degree of Doctor of Philosophy in the Faculty of Pure Science, 
Columbia University. 

1 Elwyn, D., and Sprinson, D. B., unpublished results. 
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was, therefore, thought desirable to investigate the metabolism of gly- 
oxylate by additional methods (cf. (1)). 


EXPERIMENTAL 


Synthesis of pu-Tartaric Acid-2 ,3-C“—To a solution of 6 mm of fumaric 
acid-2 ,3-C* (13)? in 25 cc. of water were added 6 mm of KCIO; and 10 mg. 
of OsO, (14). After 7 hours at 50° the OsO, was extracted with benzene, 
and the aqueous solution was neutralized with KOH and concentrated to 
10 cc. Following the addition of 6 m.eq. of glacial acetic acid, potassium 
acid tartrate was allowed to crystallize overnight and removed by filtration. 
The crystals were dissolved in dilute H2SO, and the solution extracted con- 
tinuously overnight with alcohol-free ether. Removal of the ether gave 
pL-tartaric acid in a yield of 78 per cent. 

Synthesis of Sodium Glyoxylate-2-C'\—In a typical run, 0.5 gm. (3.3 mm) 
of tartaric acid in 10 cc. of water was treated with 7.8 cc. of 0.42 N sodium 
periodate for 10 minutes. The solution was extracted continuously with 
alcohol-free ether for 24 hours, and the ether solution (about 30 cc.) ex- 
tracted successively with a solution of 340 mg. (4 mm) of NaHCO; in 20 
cc. of water and with 10 cc. of water. The combined aqueous extracts were 
neutralized carefully with NaHCO; to pH 7, concentrated in vacuo to 1 to 2 
cc., and treated with absolute alcohol until precipitation occurred. Follow- 
ing storage overnight in the refrigerator, 442 mg. of sodium glyoxylate 
hydrate were obtained by centrifugation and washing with alcohol. Work- 
ing up the mother liquors yielded an additional 158 mg. Total yield 80 per 
cent; activity 6.58 X 10° c.p.m. per dish of aldehyde carbon under stand- 
ard conditions. 


C:H;0,Na. Calculated. C 21.1, H 2.63, Na 20.2 
114.0 Found. “91.2, “2.66, “ 20.2 


The 2 ,4-dinitrophenylhydrazone melted at 191° (uncorrected), in agree- 
ment with the values reported in the literature (15). 

Administration of Compounds and Isolation of Products—A pigeon weigh- 
ing 310 gm. was fasted overnight and injected intraperitoneally with an 
aqueous solution of 36 mg. of sodium glyoxylate-2-C™ in five equal portions 
at 2 hour intervals. 24 hours after the first injection the excreta were 
collected. Uric acid was isolated, recrystallized to constant activity, and 
degraded (16-19). 

For the investigation of the conversion of glyoxylate to serine and ace- 
tate, two male rats having a combined weight of 440 gm. were placed on a 
15 per cent casein stock diet (20). L-a-Amino-y-phenylbutyric acid (100 
mg. per 100 gm. of body weight) was added to 7 gm. of ration per rat and 


2 The labeled fumarate was a generous gift of Dr. A. G. San Pietro. 
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the mixture made into a paste with the aid of a little water. The sodium 
glyoxylate-2-C" (0.14 mm per 100 gm.) was injected intraperitoneally as an 
aqueous solution in four doses at 2 hour intervals.? The experiment was 
terminated 24 hours after the first injection. Acetyl-L-a-amino-y-phenyl- 
butyric acid was isolated from the urine by ether extraction and recrystal- 
lized to constant activity. Serine and glycine were isolated by chromatog- 
raphy of a hydrolysate of proteins from the internal organs on Dowex 50 
with 1.5 Nn HCl (21, 22). 

The conversion of glyoxylate to hippuric acid was investigated by (1) 
injection of sodium glyoxylate-2-C™ (0.10 mm per 10 gm. in three doses) 
into rats receiving 0.3 mm of sodium benzoate per 100 gm. of body weight 
in the 15 per cent casein stock diet, (2) incorporation of both glyoxylate 
(0.7 mm per 100 gm.) and benzoate into the diet, and (3) injection into 
fasted rats of 0.04 mm of glyoxylate and 0.46 mm of benzoate in one dose. 
Hippuric acid was isolated from the urine by ether extraction and recrys- 
tallized to constant activity as usual. 

After the removal of hippurate or acetyl-L-a-amino-y-phenylbutyric acid 
from the acidified urine, 0.65 to 0.75 mm of oxalate was added. (It could 
be shown that only very small amounts of the oxalate originally present in 
the urine were lost by extraction of the excretion products with ether.) 
The pH was adjusted to 4.7 with ammonia and CaCl, solution was added. 
The precipitated calcium oxalate was recrystallized to constant activity by 
solution in HCl and precipitation at pH 4.7 with ammonia. 

Incubation of duck blood containing the various additions at the indi- 
cated concentrations was carried out at 38° for 24 hours (23). Samples of 
25 ee. were used. Hemin was isolated and recrystallized (23). 

Degradation Procedures and Determination of Activity—Acetate, obtained 
from acetyl-L-a-amino-y-phenylbutyric acid by hydrolysis with 2 N H.SOx,, 
was degraded by the Schmidt reaction (24). Serine was degraded with 
periodate (25). Glycine was decomposed by ninhydrin to CO: (which was 
obtained as BaCO;) and formaldehyde, which was distilled out of the re- 
action mixture and precipitated as the dimedon derivative. 

C™ activity was measured with a thin window, or internal flow, Geiger- 
Miiller counter on the compounds isolated or, when CO: was obtained, on 
BaCO;. Stainless steel dishes (2.0 sq. em. in area) were used, and sufficient 
sample was taken to give infinite thickness. When necessary, corrections 
for back-scattering were applied. Sufficient counts were taken to give a 
standard deviation of less than 5 per cent. The values in Tables I and II 
were obtained from the observed counts by dividing by the fraction of 
carbon in the compound. When the position of the label was known, the 


3 A single intraperitoneal injection into a rat of 0.5 mm of sodium glyoxylate per 
100 gm. of body weight produced tetany and death. 
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observed count was divided by the fraction of labeled carbon in the com- 
pound to yield counts per minute per dish of labeled carbon. 


Results 


Utilization of Glyoxylate-2-C™ for Uric Acid Formation—Following the 
administration of glyoxylate-2-C™ to a pigeon, the excreted uric acid showed 
the distribution of activities given in Table I. The highest activity was in 
carbon 5, while a small amount was present in the 2 and 8, or ureide, 
carbon atoms. Positions 4, 5, and 7 of uric acid are known to be derived 
from glycine (17, 18). The ureide carbon atoms are derived from formate 
(16), or a 1-carbon intermediate originating in the a-carbon of glycine (26), 
the B-carbon atom of serine (19), and other sources (27). When glycine- 


TABLE I 
Utilization of Glyoxylate-2-C'4* for Synthesis of Uric Acid by Pigeon 








Carbon atom No. | Activityt 
5 6875 
2+8 ; 1110 
4 | 108 
6 131 





* 0.10 mm of sodium glyoxylate per 100 gm. injected; activity, 6.58 X 105 c.p.m, 
in carbon 2. 
+ Counts per minute per dish of carbon under standard conditions. 


2-C" is administered to a pigeon, the ratio of activities of carbon 5 to that 
of carbon atoms 2 and 8 is 3 (26) or 4 (28). Although this ratio might be 
expected to vary from one experiment to another, it is significant that fol- 
lowing the administration of glyoxylate-2-C™ the ratio was not lower than 
3. If glyoxylate were decarboxylated to a 1-carbon intermediate without 
any conversion to glycine, nearly all of the activity would have been lo- 
cated in the ureide carbon atoms. A partial utilization by either pathway 
would be expected to lower the activity of carbon atom 5 with respect to 
that of carbons 2 and 8. It would appear that glyoxylic acid is utilized 
for purine formation in a manner which, in the intact animal, is indistin- 
guishable from the utilization of glycine. 

Utilization of Glyoxylate-2-C™ for Formation of Glycine and Serine—It. is 
apparent from the results shown in Table II that the activity of the glycine 
derived from the glyoxylate-2-C" is almost entirely in the a-carbon atom. 
The conversion of the glyoxylate-2-C™ to serine is similar to that of glycine 
(4, 5), since the ratio of activities of carbon atoms 2 and 3 in the serine of 
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the internal organ proteins is close to that obtained after the feeding of a 
small quantity of glycine-2-C" to rats.! The distribution of activities in 
the acetate from acetyl-L-a-amino-y-phenylbutyric acid also resembled that 
found with glycine-2-C* (8). 

From the data in Table I it can be calculated that, in the pigeon, the 
coefficient of utilization (29, 30) of carbon 2 of glyoxylate for carbon 5 of 
uric acid is 104, which is about one-half that shown by glycine-2-C" (19, 
26). In the rat (Table II) the coefficient of utilization of glyoxylate for 
hippurate formation is 230 and for the glycine of the internal organs the 
value is 21. The corresponding values when glycine is fed are 500 to 800 


TaBLe II 


Activities in Glycine, Serine, and Acetate Following Administration 
of Glyoxylate-2-C'4 to Rats 


| 


| Glycine from 








Serine from 





Carbon atom 











Hippuric | Internal internal organst — 
aad® | organst 
ee ey 7 ont | egunt a c.p.m.t : | oat 
BPRS wocererig wcaratele'e:> sic ae e are o eeetaotate | | 490 
MiiteiaGhvnceckah eee 15,200 | 1940 | 1600 | 128 
Carboxyl.........sseeeeeeeeee | 36 | o | o | 89 





* 0.10 mm of sodium glyoxylate per 100 gm. injected; activity, 6.58 X 105 c.p.m. 
in carbon 2. Sodium benzoate included in the diet. See the text for another ex- 
periment in which glyoxylate and benzoate were injected or fed simultaneously. 


+ 0.14 mm of sodium glyoxylate-2-C" per 100 gm. injected; isolations from pooled 
internal organs and urine of two rats. 


¢ Counts per minute per dish of carbon under standard conditions. 


(30) and 56,! respectively. Glyoxylate would appear to be utilized in 
reactions requiring glycine about one-half as well as dietary glycine. 

In the conversion of glyoxylate to hippuric acid, reported in Table II, 
the former was injected, while benzoate was fed with the diet. A similar 
utilization was found when both acids were added to the diet. Following 
the simultaneous injection of glyoxylic and benzoic acids, however, the 
values for the coefficient of utilization varied from 550 to 8000. When 
labeled glycine is injected under similar conditions, the coefficient of utili- 
zation is about 1500 (31). 

No explanation is available for the variable and high utilization of gly- 
oxylate for hippurate formation when benzoate and glyoxylate are injected 
simultaneously. The excretion of oxalate is also irregular. Following in- 
jection of glyoxylate, 14 to 30 per cent of the dose could be found in the 
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urine as oxalate. Negligible amounts were excreted as oxalate when the 
glyoxylate was fed. 

A few experiments were performed on the utilization of glyoxylate for 
heme synthesis in duck blood (23). With the incorporation of isotope 
from glycine-2-C“,N' (20 X 10-* m) as a measure of synthesis, glyoxylate 
concentrations of 5 X 10-*m, 8 X 10-* mM, and 20 X 107 m showed 0, 28, 
and 90 per cent inhibition, respectively (Fig. 1). Catt equivalent to the 
amount of glyoxylate added did not affect the degree of inhibition. At 
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CONCENTRATION OF GLYOXYLATE 
MxI0> 
Fie. 1. Effect of glyoxylate on the incorporation of glycine-2-C'4,N' into heme 
by duck blood. 





5 X 10-* M, glyoxylate-2-C“ was one-tenth as effective for heme synthesis 
as an equivalent quantity of glycine-2-C“. Even this small incorporation 
was almost completely suppressed by the addition of normal glycine at a 
level of 20 X 10-* m and would appear to be due to a limited conversion of 
glyoxylate to glycine. 


DISCUSSION 


The results reported here do not support the view that a 1-carbon inter- 
mediate is derived to any significant extent from the a-carbon atom of 
glycine by way of a decarboxylation of glyoxylate. A previous suggestion 
(3) that glyoxylate might condense with glycine to a 4-carbon compound 
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which is capable of being converted to serine is also not supported by these 
findings. The a-carbon of glyoxylate does not appear to be more effective 
than the a-carbon of glycine as a precursor of the 8-carbon atom of serine. 

These conclusions may be applicable only in the case of administered or 
free glyoxylate. It is possible that glyoxylate is derived from glycine and 
remains attached to an enzyme during conversion to a 1-carbon inter- 
mediate. A similar process might be involved in a condensation reaction 
between glyoxylate and glycine. An alternative possibility may be that 
some derivative of glycine, e.g. iminoacetic acid or an imino peptide of 
glycine (R—CO—N=CH—COOH), is decarboxylated and the resulting 
product is hydrolyzed to a 1-carbon intermediate. It is noteworthy, how- 
ever, that glyoxylate formed from glycolic acid by rat tissue (32) or plant 
(33) extracts is not decarboxylated. 


SUMMARY 


Tartaric acid-2 ,3-C™ and glyoxylic acid-2-C™ have been synthesized. 

Following the administration of glyoxylate-2-C“ to the pigeon and the 
rat, the distribution of activities in uric acid, glycine, serine, and acetate 
was found to be indistinguishable from that obtained when glycine itself 
is administered. The a-carbon atom of glyoxylate was in no way a more 
effective source of the 2 and 8 carbon atoms of uric acid, and the 6-carbon 
atom of serine, than the a-carbon of glycine. Glyoxylate was not utilized 
to any appreciable extent by duck blood for the synthesis of heme. Unless 
administered glyoxylate is not in equilibrium with the endogenous form of 
this compound, these results do not support the view that a 1-carbon inter- 
mediate is derived from glycine via decarboxylation of glyoxylate. 
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THE METABOLISM OF 2-CARBON COMPOUNDS RELATED 
TO GLYCINE 


II. ETHANOLAMINE* 


By ARTHUR WEISSBACH{ anp DAVID B. SPRINSON 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York, New York) 


(Received for publication, September 12, 1952) 


In a continuation of the search for intermediates involved in the conden- 
sation of the a-carbon atoms of 2 glycine molecules (1), investigations were 
carried out with ethanolamine-1-C® ,2-C“ (C"H,OH—C“H.NH:2). It was 
considered possible that the serine synthesized from administered glycine- 
2-C" is, at first, labeled only in the a-carbon atom, the 8-carbon atom being 
derived from unlabeled, endogenous sources of “formate.” If the ethanol- 
amine formed from this serine (2) were capable of yielding a labeled 1- 
carbon fragment, a,8-labeled serine would be produced. The results de- 
scribed below failed to support such a reaction scheme. It was shown, 
however, that a major reaction in the metabolism of ethanolamine is 
deamination, oxidation, and reamination to glycine. 


C"H.OH—C"“H.NH, — [C¥H.OH—C"“HO] — C#H,NH:2 





C“OOH = (1) 


With aspartic acid labeled with N* as a source of labeled nitrogen, indirect 
evidence was also obtained for the conversion of glycolaldehyde to glycine. 


EXPERIMENTAL 


Preparation of Ethanolamine-1-C", D-2-C“% (C°D,OH—C“H.NH,)'—A 
mixture of 76 mg. of C“H;COONa? and 556 mg. of CH;C"“O0ONa was con- 
verted to acetyl bromide (3), and the product was used to synthesize 


* Presented at the meeting of the American Society of Biological Chemists, New 
York, April, 1952 (Weissbach, A., Federation Proc., 11, 308 (1952)). This work was 
supported by grants from the American Cancer Society on recommendation of the 
Committee on Growth of the National Research Council, from the Lederle Labora- 
tories Division of the American Cyanamid Company, and from the National Insti- 
tutes of Health, United States Public Health Service. 

+ Life Insurance Medical Research Predoctoral Fellow, 1950-52. This report is 
from a dissertation to be submitted by Arthur Weissbach in partial fulfilment of the 
requirement for the degree of Doctor of Philosophy in the Faculty of Pure Science, 
Columbia University. 

1 Deuterium was introduced at carbon 1 of the ethanolamine in connection with 
another investigation. 

2 The BaC"Os; used for the synthesis of the methyl-labeled acetate was obtained 
from the United States Atomic Energy Commission. 
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glycine (4). Repeated esterification with absolute alcoholic HCl gave 615 
mg. of glycine ethyl ester hydrochloride, m.p. 142-143°. To a suspension 
of 600 mg. of ester hydrochloride in 0.8 cc. of chloroform, cooled in an ice 
bath, were added dropwise with stirring 7 cc. of 2 per cent NH; in chloro- 
form (5). The mixture was stirred for an additional 15 minutes and cen- 
trifuged in the cold. The precipitate was washed twice with cold chloro- 
form, and the combined supernatant solutions were taken to dryness in 
vacuo. 

The residual glycine ethyl ester was dissolved in a few cc. of absolute 
ether and added dropwise to 420 mg. of lithium aluminum deuteride’ in 5 
cc. of absolute ether, in a flask equipped with a magnetic stirrer, reflux con- 
denser, and dropping funnel (6). 15 minutes after the last addition of 
ester, 3 cc. of D2O were added dropwise. The resulting mixture of water, 
ether, and lithium and aluminum hydroxides was transferred to a continu- 
ous extractor with the aid of 15 cc. of water and extracted for 48 hours with 
ether containing 3 cc. of 20 per cent HCl. The ether was taken to dry- 
ness, and the residual ethanolamine hydrochloride was crystallized, and re- 
crystallized, from a small volume of hot absolute alcohol by the addition of 
dry ether. Yield 200 mg. (50 per cent); m.p. 74-76°; activity, 3.59 x10’ 
c.p.m. per dish of labeled carbon under standard conditions; C™ 38.4 and 
D 98 atom per cent excess on the hydroxy] carbon. 


C:H;ONCI. Calculated. Cl 35.5 
99.9 (corrected for C'* and D) Found. hea Lei 


Other Compounds—The t-aspartic acid-N™ and the CH;C"OONa were 
the kind gifts of Dr. D. Rittenberg. Glycolic acid was a commercial 
product, while glycolaldehyde, as the dimer, was prepared from dihydroxy- 
maleic acid (7). We are indebted to Dr. E. Pollaczek and Dr. Z. Dische 
for the glycolaldehyde phosphate. 

Administration of Compounds, Isolation and Degradation of Products— 
Materials were administered and products isolated essentially as described 
in Paper I (1). Ethanolamine hydrochloride was incorporated into the 
same stock diet for feeding to a rat. Uric acid was degraded by a modifi- 
cation (8) of the usual method (9). Glycogen was degraded by the Lacto- 
bacillus casei method (10). 

In the investigation of various 2-carbon compounds as acceptors of nitro- 
gen for the formation of glycine, a solution of 0.5 mm of benzoate, 0.37 + 


*The lithium aluminum deuteride was obtained from Metal Hydrides, Inc., 
Beverly, Massachusetts, on allocation from the United States Atomic Energy Com- 
mission. 

4 The D.O was added to prevent possible exchange of the lithium aluminum alkox- 
ide with water, although there is no reason to believe that such an exchange can 
take place. 
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0.03 mm of L-aspartic acid-N', and 0.5 mm of the compound was neutral- 
ized with NaHCO; and injected intraperitoneally into rats, in four portions, 
at 2 hour intervals. Food was withheld from the animals during the 24 
hour experimental period. 

Determination and calculation of C“ activity were as reported in Paper 
I. Analyses for N°, C, and D were performed by the usual procedures 
(11, 12). 


RESULTS AND DISCUSSION 


Conversion of Ethanolamine to Glycine—Following the administration of 
C“H,OH—C"“H,NH, to a pigeon, 75 per cent of the activity of the ex- 
creted uric acid was found in carbon atom 4 (Table I). The only appreci- 
able C® concentration was in carbon atom 5. Since positions 4 and 5 of 


TaBLe | 


Isotope Distribution in Uric Acid Following Administration of 
Ethanolamine-1-C'8, 2-C'4 (C'3H,OH—C'“H2NH:2) to Pigeon* 








Carbon atom No. cu | cB 
| gpm X10 | atom er cent excess 
5 8.13 0.080 
4 48.0 | 0.00 
2+ 8 1.73 | 0.010 
6 | 4.72 | 0.00 





* 0.044 mm of labeled ethanolamine hydrochloride per 100 gm. injected. Activ- 
ity, 3.59 X 107 c.p.m. per dish of labeled carbon under standard conditions. The 
C18 was 38.4 atom per cent excess in carbon 1. 


uric acid are derived from the carboxyl and a-carbon atoms, respectively, 
of glycine, the amino carbon of ethanolamine must have been oxidized to 
the carboxyl, while the carbinol carbon was converted to the methylene, 
group of glycine. 

Similar results were obtained after administration of the labeled ethanol- 
amine, together with benzoate, to a rat (Table II). The carboxyl group of 
the glycine in the excreted hippuric acid contained most of the activity. 
Glycogen, isolated from the liver, showed the highest activity in carbon 
atoms 3 and 4 of the glucose, with small activities in the 1,6 and 2,5 posi- 
tions. This is the isotope distribution to be expected if the administered 
ethanolamine were converted predominantly to glycine-1-C™ and the latter 
utilized for glycogen formation by way of serine-1-C" (13). 

The most reasonable way to explain these results is indicated briefly in 
Equation 1. The facile deamination of ethanolamine is known from an 
investigation of this compound labeled with N® (14). Glycolaldehyde, the 
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expected product, could be oxidized, first at the aldehyde carbon and then 
at the carbinol carbon, to glycolic and glyoxylic acids, respectively. An 
enzyme system, present in liver, has recently been described which is spe- 
cific for the oxidation of glycolic to glyoxylic acid (15). The latter is 
rapidly aminated to glycine (1, 16).5 

The ability of glycolaldehyde to become available as an acceptor of 
nitrogen for glycine formation is further illustrated in Table III. 1-Aspar- 
tic acid labeled with N'* was administered to rats, together with benzoate 
and several compounds metabolically related to glycolaldehyde. In the 
presence of glycolic acid, glycolaldehyde, glycolaldehyde phosphate, and 
glyoxylic acid, the N* of the excreted hippurate was appreciably higher 


TaBie II 


Isotope Distribution in Glycine and Glycogen Following Administration 
of Ethanolamine-1-C'8, 2-C4 to Rat* 








Carbon atom Glycine from hippuric acid | Liver glycogen (glucose) 
c.p.m. X 107% | c.p.m. X 10% 

Carboxyl 20.5 

Methylene | 5.18 | 

3,4 | 4.59} 

2,5 | 0.39 

1,6 | 0.29 











* The rat received in 4 gm. of stock diet 0.098 mm of labeled ethanolamine hydro- 
chloride (activity as given in Table I) and 0.54 mm of sodium benzoate per 100 gm. 
of body weight. The experiment was terminated after 24 hours. 

+ The activity of the urinary urea was 6420 c.p.m. 


than in the controls. Since glycolic (16) and glyoxylic (1, 16) acids la- 


beled with C“ have been shown to be effective precursors of glycine, the 
similarity of glycolaldehyde to these compounds as an acceptor of nitrogen 
supports the view that glycolaldehyde is also capable of becoming con- 
verted to glycine. 

The results presented in this paper suggest that glycolaldehyde can be 
converted to glycine and that it occurs as an intermediate in the metab- 
olism of ethanolamine. Several recent investigations in the metabolism 
of glucose and ribose have indicated the occurrence of an active form of 
glycolaldehyde (17-19). Such a derivative might be an important source 
for the carbon chain of glycine. These considerations imply that at least 
some glycine is formed from carbohydrate directly, rather than from serine. 


§ It should be noted that the postulated intermediates as well as the ethanolamine 
itself may be involved as phosphorylated or other derivatives. 
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The conversion of ethanolamine to glycine indicated in Equation 1 pro- 
vides for a cycle of reactions inwhich the carbon atoms of a serine mole- 
cule are successively removed as COs, while “formate” carbon is converted 
to serine. In one turn of this cycle the carboxyl group of glycine is lost 
as CO» when serine is decarboxylated to ethanolamine. The a-carbon of 


“HCOOH” + CH,NH.-COOH—CH.,0H:CHNH,:-COOH 
i es 
wa 
CH.OH-CH.NH; + CO: 


glycine, now the amino carbon of ethanolamine, forms the carboxyl group 
of the new glycine. This would then be lost as CO, in the next turn of the 


TaBLe III 


Effect of Glycolaldehyde and Related Compounds on Utilization of u-Aspartate-N'* for 
Hippuric Acid Formation in Rats 





Compound tested* N'5 in hippuric acid 





atom per cent excess 


TA BPANUIC ROLE IN 55:00:65.0. « ourcs aoe coun es Uae Mea reas 0.424 
oe “7 + glyoxylic acidf................... 0.725 
a8 ” “fr PIVCONGIROIEY. Mh SOULS 0.618 
hs Ss + glycolaldehyde.................... 0.686 
er n + glycolaldehyde phosphate......... 0.631 








*0.5 mm of 2-carbon compound, 0.37 + 0.03 mm of L-aspartic acid (29.7 atom 
per cent excess N!5), and 0.5 mm of sodium benzoate per 100 gm. were injected intra- 
peritoneally in four portions at 2 hour intervals. The experiment was terminated 
24 hours after the first injection. 

+ The dose of sodium glyoxylate was 0.39 mm per 100 gm. 


cycle. The source of the carbon atom which replenishes that lost as CO2 
is the ‘formate,’ which is the precursor of the 8-carbon atom of serine. 
This may arise from the a-carbon of glycine itself or from other sources. 
After three turns of the cycle, a molecule of serine is lost as CO2, and a 
new one is produced which is derived from “formate.” 

Metabolism of Ethanolamine via Choline—The results in Tables I and II 
show that, although Equation 1 may represent the predominant pathway 
for the conversion of dietary ethanolamine to glycine, another pathway 
exists by which the amino carbon of the base, rather than the carbinol 
carbon, is the precursor of the methylene carbon atom of glycine. It can 
be observed that carbon 5 of uric acid has one-sixth of the activity of car- 
bon 4, and the a-carbon of hippurate has one-fourth of the activity of the 
carboxyl carbon. Similarly, carbons 1,6 and 2,5 of the glucose from liver 
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glycogen had small but significant activity. It would appear that the 
methylation of ethanolamine to choline and oxidation of the latter to be- 
taine, followed by demethylation to glycine (14, 22-24), are responsible for 
this type of labeling. The conversion of betaine (14) and sarcosine (24), 
labeled with N'°, to glycine has been shown to be extensive. The dilutions 
encountered in this pathway would make it difficult to show a direct utili- 
zation of ethanolamine-N" for glycine formation in the intact animal (14, 
25). 


SUMMARY 


Ethanolamine was synthesized labeled with C" and deuterium in the 
carbinol carbon and with C" in the amino carbon (C"D,OH—C“H.NHA,). 

With the aid of this compound it could be shown that ethanolamine is 
converted to glycine in the rat and the pigeon. The amino carbon of 
ethanolamine is the precursor of the carboxyl group of glycine, and the al- 
cohol carbon of ethanolamine appears as the methylene group of glycine. 
The possible réle of glycolaldehyde in this process is discussed. 

To a minor extent the amino carbon of the ethanolamine is also con- 
verted to that of glycine. The possible réle of choline and betaine in this 
series of reactions is indicated. 

With t-aspartic acid-N' as a source of labeled nitrogen, glycolaldehyde 
was shown to resemble glyoxylic and glycolic acids as an effective acceptor 
of nitrogen for hippurate formation. The relation of these results to the 
origin of the carbon chain of glycine is briefly discussed. 


We are indebted to Mr. I. Sucher for the mass spectrometric anal- 
yses. 
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THE BIOSYNTHESIS OF C*-AMINO ACIDS WITH CHLORELLA* 


By LEROY SCHIELER,t LAWRENCE E. McCLURE,t} anp MAX S. DUNN 


(From the Chemical Laboratory, University of California, Los Angeles, California) 
(Received for publication, January 22, 1953) 


The need for radioactive amino acids in biological investigations, as well 
as the difficulties inherent in the chemical and the biological synthesis of 
labeled amino acids, has been emphasized recently by Frantz et al. (2). 
These authors suggested reasons why it should be possible to overcome 
these difficulties through the use of autotrophic bacteria, and they pre- 
sented data on the biosynthesis by Thiobacillus thiooxidans of seventeen 
C-labeled amino acids. The C"-amino acids in the acid hydrolysate of 
the bacterial protein were adsorbed on and selectively eluted from a starch 
column. It was stated that the yield of labeled hydrolysate from BaC“O; 
was about 25 per cent, the yield of separated amino acids was about 15 per 
cent, and the highest specific activity attained was 1.25 mc. per mm of 
carbon corresponding to 2.5 me. per mm of glycine and 11.25 me. per mM of 
phenylalanine. The amino acids were prepared in mg. quantities, although 
exact amounts were not given. 

Varying quantities of C-amino acids obtained by other workers include 
' aspartic acid from Lactobacillus arabinosus (3), asparagine from Lupinus 
angustifolius seedlings (4), glutamic acid from Scenedesmus obliquus (5), 
glycine (as hippuric acid) from Clostridium cylindrosporum (6), histidine 
from Saccharomyces cerevisiae (7), tyrosine from Torulopsis utilis (8), three 
amino acids (arginine, histidine, lysine) from 7’. utilis (9), five amino acids 
from rat liver (10), thirteen amino acids from S. cerevisiae (11), and four- 
teen amino acids from 7’. utilis (12). Fifteen N'*-amino acids have been 
obtained from 7’. utilis (13). 

It was the author’s purpose to develop practicable procedures for the bio- 
synthesis and isolation of C'-amino acids in amounts sufficient for use in 
other metabolic experiments. In agreement with Frantz et al. (2), auto- 
trophic organisms with the capacity to utilize efficiently COs, acetate, glu- 
cose, or other readily available carbon compounds were considered to be 

* Paper 94. For the preceding related paper (Paper 93), see Schieler, McClure, 
and Dunn (1). The material in this paper was taken in part from a thesis by Leroy 
Schieler submitted in partial fulfilment of the requirements for the degree of Doctor 
of Philosophy, February, 1953. This work was aided by grants from Swift and 
Company and the University of California. 

+ Present address, Department of Physiological Chemistry, University of Cali- 
fornia, Los Angeles. 

t Present address, The Samuel Roberts Noble Foundation, Ardmore, Oklahoma. 
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most satisfactory. Algae and autotrophic bacteria, but not yeasts, which | 


are known to respire as C“O, 50 per cent or more of administered carbon 
compounds, were investigated. 


EXPERIMENTAL 


Chlorella pyrenoidosa, employed as a source of C'-amino acids, was se- 
lected because it has a fairly uniform distribution of amino acids, utilizes 
CO, efficiently, does not respire COs, and may be grown conveniently in 
large scale culture. The experimental procedures and the amino acid com- 
position of Chlorella cells and protein have been given previously (1). In 
the present experiments the cells were grown aseptically with continuous 
aeration and illumination (200 watt Mazda lamp) in 5 liters of Hoagland 
and Arnon’s (14) solution, to which were added 25 ml. of a 5 day culture of 
C. pyrenoidosa, 50 gm. of glucose, and (after 5 days) 150 mg.' of BaC™“O, 
containing 5 me. of C'. It was found in preliminary experiments that CO, 
or carbonate is the limiting factor, with growth continuing up to 3 months 
until inhibited by the metabolic products, that barium ion is not appreci- 
ably toxic to the organism, and that under continuous illumination only 
slight amounts of carbonate were lost as respired CO2. Since the reaction 
of the medium, initially at pH 3 to 4, gradually shifted toward alkalinity 
and, after a week, leveled off at pH 8.4, there was negligible loss of C“O, 
from the BaC“O;. 3 days after the addition of the BaC™O the suspension 
was filtered, the residual material was extracted, successively, with 95 per 
cent ethanol and ether to remove lipides and pigments, the remaining solids 
were extracted with cold and hot trichloroacetic acid to remove other non- 
protein substances, and the residue was dried for 48 hours at 37°. The 
yield was approximately 13 gm. of product with specific activity of 3151 
¢.p.m. per mg. (corrected for self-absorption here and elsewhere). The 
specific activities of other fractions were as follows: respired CO» (counted 
as BaCO;) 98, medium after removal of cells 110, lipides 2239, solids in hot 
water extracts 1550, and solids in trichloroacetic acid extracts 550. 

Thirty-one amino acids, purines, pyrimidines, and vitamins were isolated 
from the hot water and trichloroacetic acid extracts by adding 200 mg. of 
the carrier substance to 1.0 ml. aliquots of the extracts, and recrystallizing 
(usually only two recrystallizations required) the C'-containing product 
to constant activity. In no case, however, was the activity high enough 
to warrant isolation of further quantities of the product. 

The extracted, dried cells (13.1 gm.) of C. pyrenoidosa were refluxed for 
18 hours with 150 ml. of 6 Nn HCl, the suspension was filtered, the humin 
was washed thoroughly with 500 ml. of hot water, excess HCl was removed 
by distilling the light amber-colored filtrate to dryness in vacuo, and the 


1 Obtained from the Atomic Energy Commission, Oak Ridge, Tennessee. 
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residual material was dissolved in 500 ml. of water. This solution was ad- 
justed to pH 1.0 by the addition of base. 

Individual amino acids were isolated from the cell hydrolysate by high 
capacity ion exchange and carrier methods analogous to those employed 
by Ehrensvard et al. (12), Agvist (13), and Hirs et al. (15). The resins 
employed were Amberlite IR-4B for the acidic amino acids and Amberlite 
IR-105G for the basic amino acids. Starch columns and Dowex 50, em- 
ployed by the foregoing authors to separate the neutral amino acids, did 
not yield entirely satisfactory results in the authors’ tests. 

The methods employed to separate and isolate the basic and the acidic 
C'*-amino acids were developed and tested in preliminary experiments with 
unlabeled amino acids. In the first experiment 250 ml. of an aqueous so- 
lution containing 5.0 gm. each of histidine, arginine, lysine, aspartic acid, 


TaBLe I 
Rr Values of Amino Acids Separated on Amberlite IR-105G* 





Amino acid | Eluent Effluent 
| AN BENITO NS 2-4. he ahd eke 0.50 0.50 
IR lesson a scedis 0.57 0.59 
VBI). cto cote oat | 0.37 | 0 .36 
WWI oc). cs ahs overs 0.83 | 0.80 
Aspartic acid’. oo. ..... i. 0.19 | | 0.21 





* Chromatograms were run with 20 X 20 cm. squares of Whatman No. 1 filter paper 
and pheno] saturated with water. 





and leucine adjusted to pH 1.0 were adsorbed on a column (2 X 20 cm.) 
containing 150 gm. of 30 to 40 mesh Amberlite IR-105G. The resin pre- 
viously was recycled three times between 2 N HCl and 2 n NaOH and equi- 
librated to pH 1.0. The adsorbed amino acids were eluted with 250 ml. 
of 2 n HCl and the amino acids in the effluent and the eluent were identi- 
fied by paper chromatography. As may be noted from the data given in 
Table I, the basic amino acids appeared exclusively in the eluent and the 
other two amino acids in the effluent. 

Histidine could not be eluted selectively from the column with 0.001 n 
HCl or 0.001 n NH,OH, but 10 per cent pyridine solution was found to be 
satisfactory. This was determined by eluting the column in four separate 
runs successively with 2, 5, 10, and 20 per cent pyridine solutions, collecting 
100 ml. fractions, determining the weight of amino acid in 10 ml. aliquots 
evaporated to dryness, and identifying histidine in the fractions by means 
of filter paper chromatograms. These data indicated qualitatively that 
histidine could be separated satisfactorily. 

The separation of arginine and lysine by selective adsorption of lysine 











1042 BIOSYNTHESIS OF C-AMINO ACIDS 


on Amberlite IR-400 in the OH- cycle, reported by other workers (16, 17), 
was investigated essentially by the methods described for histidine and was 
found satisfactory. Similarly, both aspartic acid and glutamic acid were 
adsorbed on Amberlite IR-4B, were quantitatively removed with 2 n HCl, 











TasBieE II 
Specific Activities of Amino Acids Isolated from C. pyrenoidosa Cells* 
Amino acd ’ er | for ike 
| még. C.p.m. per mg. | per cent c.p.m. per mg. 

Wade cssisesicevnntin tie ) 19.1 3.5 24 | 114 
yeti tito s | Ce rr | 130 873 2.6 | 1658 
Aspartic acid................ | 270 | 1874 3.4 | 2336 
(Ug ni US bpgek Niet Rai eal TAS tba 140 10.3 0.4 70 
Glutamic acid............... 70 415 3.8 664 
EW aa eee a 13.9 2.4 1.9 | 98 
Histidine-HCl-H.0.......... 125 | 222 0.3 | 800 
WRCIBINCINO cost. 2 6c dias te sle ois 14.3 1.3 2.3 | 45 
RNS ghia hssci sanxsoys 40 54.7 2° 88 
TEitst 6! | O] i reer 80 235 2.2 469 
Methionine. ............6.5.. I | 0.2 
Phenylalanine............... 40 | 1065 5.1 1491 
ARMM iso isthe gis Ss Sarena 42 | se f rg 4 
OE CE A eee Eee TRE 16.0 2.6 q 

PRTOOMING oc a. 5045 0v ae otins s | 22.8 Sal 0.5 481 
J ETC aR at 260 23 .2 0.8 88 
WEEN ook 5 stow Nek cileraine 10.9 1.5 2.5 10 











* Nitrogen 7.4 per cent, moisture 14.6 per cent, ash 4.2 per cent. 

+ The quantity of pure amino acid isolated is not directly dependent upon the 
per cent present in the original cells. It is determined both by the amount of carrier 
added and variable recrystallization losses necessary in order to obtain a sample of 
constant activity. 

¢ Calculated on a moisture- and ash-free basis. 

§ Calculated from the per cent of amino acid in the cells and the quantity of added 
carrier amino acid. 

|| Isolation not attempted because of the smal] amount present in the neutral 
amino acid fraction. 

§ Not determined because of the unavailability of a sufficiently reliable method. 


and were separated as glutamic acid hydrochloride and copper aspartate 
essentially as described by other investigators (18-20). 

The “neutral”? amino acids were isolated as follows. The fraction was 
distilled to dryness in vacuo, the residue was extracted with absolute eth- 
anol, and proline was precipitated from the solution as the rhodanilate. 
Each of the remaining amino acids was isolated by adding carrier amino 
acid and recrystallizing the product to constant specific activity from two 
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different solvent systems. Quantities of carrier amino acids added were 
100 mg. of histidine- HCl- HO, 300 mg. each of arginine- HCl, lysine- HCl, 
aspartic acid, cystine, glutamic acid, leucine, phenylalanine, proline, and 
tyrosine, and 200 mg. of each of the remaining amino acids. Further de- 
tails of the processes are omitted to conserve space. The specific activities 
of amino acids isolated from C. pyrenoidosa cells are shown in Table IT. 


DISCUSSION 


As may be noted from Table II, eighteen C-containing amino acids were 
isolated from 13.1 gm. of dried, extracted Chlorella cells in quantities vary- 
ing from about 11 mg. (valine) to 270 mg. (aspartic acid). It is of partic- 
ular interest that the specific activities of some of the amino acids (e.g., 
aspartic acid 1374, phenylalanine 1065, arginine- HCl 873, glutamic acid 
415, lysine- HCl 235, histidine- HCl- H,O 222, leucine 54.7) were sufficiently 
high to indicate the practicability of the described procedures. 

With C. pyrenoidosa the yield of dry, extracted cells from BaC“O; was 
85 to 90 per cent as compared to 25 per cent reported for 7’. thiooxidans by 
Frantz et al. (2). The 15 to 20 per cent yield of separated amino acids 
from Chlorella is comparable to that from 7’. thiooxidans. 

The variation in activities appears to indicate marked differences in the 
photosynthetic and subsequent metabolic processes by which the carbon 
of COs is incorporated into the amino acids of Chlorella protein. It is ap- 
parent that glucose and its metabolic products are utilized better, perhaps 
by more direct pathways, for the synthesis of some amino acids than others. 
There appears to be no simple relationship, however, between the order 
of appearance of amino acids in photosynthesis and the extent to which 
the carbon of CQO, is incorporated into amino acids during subse- 
quent growth periods. In the photosynthetic experiments of Calvin et al. 
(21-23), aspartic acid was detected after 5 seconds exposure of algae to 
COs, whereas alanine, glycine, and serine appeared after 30 seconds and 
glutamic acid after 5 minutes. Although the specific activity of aspartic 
acid isolated in the present work was considerably higher than that of the 
other amino acids, the specific activity of alanine and glycine was relatively 
low and that of glutamic acid relatively high. It is also of interest that, 
judging by their markedly different specific activities, phenylalanine and 
tyrosine are formed by independent metabolic processes. 


SUMMARY 


Chlorella pyrenoidosa was found to be suitable for the biosynthesis of 
C“-amino acids on a preparative scale. Eighteen C'-amino acids were 
isolated by ion exchange and carrier methods from the acid hydrolysate of 
dried, extracted Chlorella cells (13.1 gm.) in quantities varying from about 
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11 mg. (valine) to 270 mg. (aspartic acid) and with specific activities rang- 
ing from less than 2 c.p.m. per mg. (isoleucine, proline, valine) to more than 
1000 c.p.m. per mg. (aspartic acid and phenylalanine). These differences 
were taken to signify that the carbon of CO2 and glucose is incorporated 
into amino acids by different metabolic pathways. 
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THE METABOLISM OF C%-LABELED ETHYLENEDIAMINE- 
TETRAACETIC ACID IN THE RAT* 


By HARRY FOREMAN, MARION VIER, anp MARGUERITE MAGEE 


(From the Los Alamos Scientific Laboratory of the University of California, 
Los Alamos, New Mexico) 


(Received for publication, January 15, 1953) 


Interest in ethylenediaminetetraacetic acid (EDTA) arises from its abil- 
ity to combine with metal ions to form water-soluble chelates. Several 
important biological applications have been made of this property. The 
material has been shown to be effective (a) in mobilizing radioactive ele- 
ments such as Pu, Am, and Y from the skeleton (1, 2), (b) as a valuable 
therapeutic agent in the treatment of poisoning by heavy metals such as 
lead! (3) and mercury,? and (c) for hastening the elimination of Cu in 
Wilson’s disease.* For this type of application, the agent presents a unique 
advantage in that the toxic effects resulting from the release of free metal 
ions (7.e., Pb*+*) into the blood stream, as often occurs in previous methods 
of treatment, are circumvented, since the metal is mobilized as a non-ion- 
izable complex. By virtue of its strong calcium-binding capacity, EDTA 
is finding extensive use as an anticoagulant in blood drawn for transfusions 
and for the preparation of plasma fractions (4-6). In addition, EDTA 
and its chelates have been found useful in situations in which close control 
of metal ion concentration is essential; 7.e., in investigations of the metabolic 
effects of trace metals (7, 8), in the study of calcium metabolism (9, 10), 
and in the study of the blood clotting mechanism (11), ete. 

In view of the increasing importance of EDTA in biology and in anticipa- 
tion of its increasing use in humans, a study of the metabolism of the 
material was undertaken. The study was carried out by using the calcium 
chelate because this is the form commonly employed in the treatment of 
heavy metal poisoning. The work was greatly facilitated by the avail- 
ability of ethylenediaminetetra-2-(C,'*-acetic) acid prepared by Murray and 
Ronzio (12). 


Methods 


Sprague-Dawley rats, weighing from 200 to 250 gm., were employed in 
all experiments. Male animals were used in one series in which complete 
distribution and balance studies were carried out. These animals were 

* This work was carried out under the auspices of the Atomie Energy Commission. 

1 Unpublished cases at Massachusetts General Hospital, Boston, by H. L. Hardy, 
and at Columbia Hospital, Milwaukee, by E. L. Belknap. 

2 Unpublished case at Los Alamos Industrial Clinic, by H. Foreman. 

3 Unpublished case at Jefferson Medical College, Philadelphia, by H. Brieger. 
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housed individually in glass metabolism cages with facilities for the separate 
collection of expired COs, urine, and feces (13). In a second series of ex- 
periments, in which detailed studies on blood and urine were made, female 
animals were used. In this series, urine samples were obtained by cathe- 
terization under ether anesthesia with glass catheters. The animals were 
given 2 cc. of saline intraperitoneally 4 hour before the start of each ex- 
periment. Blood samples were obtained by incision of tail veins. Speci- 
mens were drawn into heparinized microliter pipettes and, in one series 
of tests, cells and plasma were separated for individual assays. Studies 
were made after intraperitoneal, intravenous, intramuscular, and oral ad- 
ministration. The intravenous injections were made into the external 
jugular bulb. Intubation was used for oral administration. 

Doses of 50 mg. per kilo of Ca EDTA in 0.2 ce. of water solution at pH 
7, yielding from 0.7 X 108 to 1.5 X 108 disintegrations per minute of C™ 
activity, were administered. Assays on blood and urine were made by di- 
rect plating of aliquots on oxidized copper plates having a surface area of 
15 sq. em. and counting in a windowless methane-argon gas flow propor- 
tional counter. Except for bone, tissues and feces assays were made by 
counting homogenized aliquots prepared by direct plating (14). Results 
obtained by this procedure were found to compare favorably as to ac- 
curacy and precision with results obtained by counting BaCO; plates pre- 
pared from the samples after wet ashing. Bone samples were oxidized by 
the method of Van Slyke and Folch (15) and counted as BaCO;. The 
expired CO: was assayed by precipitating and counting as BaCO;. Suit- 
able mass absorption corrections to zero sample thickness were made on 
all samples by use of an empirical mass absorption curve. 

The identification of the active material in the plasma and urine was 
carried out by means of filter paper chromatography. The method of 
Consden et al. (16) was followed with slight modification. Aliquots of 
0.01 to 0.1 cc. of urine or plasma containing approximately 6 x 10‘ to 
6.0 X 10° disintegrations per minute were placed in a transverse band near 
the top of strips of Whatman No. 1 filter paper measuring 2 < 57 cm. 
The chromatographs were developed in a descending column at 25° for 12 
to 15 hours with a mixture of 1:1 isopropyl alcohol and 0.2 n HCl. The 
strips were then removed, dried, and placed in contact with Eastman 
x-ray film for 2 to 3 days. The bands of activity on the chromatograph 
strip were detected by matching the strip with the darkened areas on the 
developed film. 


Results 


The optimal period for the sacrifice of the animals was determined from 
preliminary experiments which indicated that the metabolic cycle was 
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essentially complete by 6 hours. At this time approximately 98 per cent of 
the administered activity could be accounted for in the excreta. One dis- 
tribution study was made at 13 hours. Studies were also made at the end 
of 24 hours. 

The average recovery of the administered dose for twenty-six rats in 
which complete balance studies were carried out was 95.11 + 5.40 per cent. 


TaBLe I 
Distribution of C'* Activity Following Administration of Ca C'4-EDTA to Rats 
The results are expressed in per cent of recovered dose per total organ or sample. 














After intraperitoneal injection After oral 

Tissue or sample administra- 

14 hrs. 6 hrs. Ghrs.© | 24hrs, |tion, 24 hrs. 
DirH@ tee nee Nd een Gates 85.22 95.73 96.66 94.56 10.30 
MOCOUR Se Atie) On De oh ce als Mabie els 0.50 2.04 1.20 3.63 88.32 

PADRE CU 6.2 sis de6re saree eee 0.05 0.10 0.08 

BORAT es rt oe, aa vac teats ae 2.38 0.83 0.84 0.25 0.16 
Kidney. ..iccseeedss eee 1.36 0.34 0.26 0.27 0.04 
Gastrointestinal tract............ 0.22 0.15 0.17 0.72 0.45 
MONG OE sore o te slace a lachve tecive ane Naver 0.46 | 0.15 0.19 0.05 0.18 
PIN ii cecadeccexeehadtes | 0.30 0.12 0.08 
WIBOIGE SS Pitta s fs dissec aoe | 0.13 0.28 0.36 
DCR Red ile racine eals aus araiee ate 1.65 | 0.07 0.04 0.01 0.04 
| ee RE eer 8.08 | 0.03 0.09 0.01 0.03 














* 250 mg. of inert Ca EDTA added to study the effect of size of dose. 

{ Feces include contents of gastrointestinal tract at time of sacrifice. 

¢ Calculations based on the assumption that the skeleton equals 18 per cent of 
the body weight. 

§ Calculations based on the assumption that the total muscle mass equals 40 per 
cent of the body weight. 

|| Includes heart, lungs, spleen, brain, gonads, adrenals, and thymus, all of which 
were separately assayed but not reported individually, since none of these organs 
contained over 0.05 per cent, except in the 14 hour period. 





The data showing the general distribution and recovery of C activity are 
presented in Table I. These results include one 6 hour distribution study 
in which 250 mg. of inert Ca EDTA were added in order to determine the 
effect of size of dose on the excretion and distribution patterns. Table II 
shows the data from a detailed study of the cumulative urinary excretion 
of C* activity after administration of Ca C4-EDTA. The curves of Figs. 
1 and 2 present the variation in concentration of activity in blood and urine 
with respect to time after administration and indicate the time that the 
peak activity was reached after the various modes of administration. 
These data also show the rate at which the activity was cleared from the 











TaBLe II 
Cumulative Urinary Excretion of C4 Activity Following Administration 
of Ca C4-EDTA to Rats 


The results are expressed as per cent of recovered dose. Each value represents 
an average of results on from two to seven animals. 





Time after 




















etiatatateation | Intravenous | Intraperitoneal | Intramuscular | Oral 

hrs. | 
a | 40.50 | 19.46 | 28.20 | 0.05 
65.54 | 43.44 | 58.93 0.18 
Saliva 77.42 60.93 | 77.52 | 0.24 
Je 83.28 74.14 | 87.31 0.42 
| 89.26 | 83.30 92.34 | 0.54 
3 | 91.14 90.05 | 93.93 0.72 
33 | 93.89 93.88 | 94.72 | 0.85 
4 95.27 96.47 | 95.01 | 1.05 
5 | 95.91 97.70 | 95.24 | 1.45 
6 | 96.09 98.09 | 95.39 2.24 
24 | 96.91 98.67 95.92 | 6.25 

1.0 
-~o— o-oo - 9- — --0- —- 2 insist eae 
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Fia. 1. C™ activity in blood following administration of Ca C4-EDTA to rats. 
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blood and excreted in the urine. Fig. 1 includes the curve illustrating the 
concentration of active material in the blood after intravenous administra- 
tion to rats in which the kidneys were tied off. 

It was found that all of the activity in the blood was present in plasma, 
even in samples drawn at 26 hours after administration of the compound. 
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Fic. 2. C' activity in urine following administration of Ca C'4-EDTA to rats. 


In this particular experiment there was still a measurable concentration 
of activity in the blood, since the samples were drawn from animals in which 
the kidneys had been tied off. At this time period, sufficient time should 
have elapsed for any exchange between cells and plasma, even if equilibra- 
tion time was slow. 

Assays of the expired air showed that less than 0.1 per cent of the C™ 
activity was exhaled as CO. (Table I). Plasma samples used in chro- 
matographic studies were taken at 3, 3, and 26 hours after injection into 
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rats in which the kidneys had been tied off (Fig. 1). In the other animals 
the concentration in the plasma fell so rapidly that it was not possible to 
obtain samples with sufficient activity to produce a suitable radioauto- 
graph. Radioautographs of chromatograms of both plasma and urine 
samples yielded a single band of activity with an R, factor of 0.8, irrespec- 
tive of the time of collection. Similarly, standard solutions of Ca C"- 
EDTA in water or mixed with normal urine yielded a single band of 
essentially the same Ry value. When the urine of an animal injected with 
250 mg. of inert Ca EDTA to which a tracer dose of Ca C'4-EDTA was 
added was subjected to the chromatographic procedure, spraying of the 
strip with a 5 per cent solution of CuSO, resulted in a blue color band of 
Cu EDTA chelate which coincided with the band of blackening on the 
radioautograph. This color band showed the same Ry value as a band 
produced from urine to which Na EDTA had been added. 


DISCUSSION 


This study indicated that, except for a small residue, Ca EDTA is turned 
over very rapidly in rats. When administered intraperitoneally, only 14 
per cent of the dose was in the body at 1} hours and at 6 hours less than 2.5 
per cent remained. The small residue of EDTA was slowly lost as evi- 
denced by the presence of approximately 1.5 per cent of the C* activity 
still in the body at 24 hours and approximately 0.5 per cent at 48 hours. 
It is postulated that the slow turnover of this moiety results from chelation 
with a metal strongly fixed in the body, perhaps iron. None of the tissues 
appeared to concentrate the material to any extent at 6 hours. Except 
for the skin, no organ retained more than 0.5 per cent of the dose. The 
kidney, liver, skeleton, and gastrointestinal tract were the only organs with 
detectable Ca EDTA levels. These findings on the inertness and rapid 
turnover of the material are in keeping with the reports on its low toxicity 
(17, 18). 

As determined from Fig. 1, the turnover times from the blood after 
intravenous, intramuscular, and intraperitoneal injection were 57, 50, and 
74 minutes, respectively. The more rapid turnover after intramuscular 
injection was quite unexpected and at present there is no readily apparent 
explanation. Because of the rapidity with which the material reaches 
equilibrium between blood and body fluids, the turnover time found in the 
blood should provide a good estimate for the turnover time in the body as 
a whole. With the above turnover rates, one would not expect any appre- 
ciable amount of the material to be found in the body by 6 hours. The 
distribution studies confirm this. 

After parenteral administration 95 to 98 per cent of the compound ap- 
peared in the urine by 6 hours. The concentration of the drug in the urine 
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diminished at a constant rate, independently of urine volume and mode of 
administration. The rate roughly paralleled the rate of fall of activity in 
the blood. In urine, the rate as measured in terms of half time, 7.e. the 
time required for a 50 per cent drop in activity per unit volume, was 31 to 
35 minutes, whereas the time for a 50 per cent drop in activity in blood 
was 35 to 50 minutes. 

These findings provide useful information for establishing optimal dosage 
schedules. It is apparent that repeated, frequent administration will be 
required to maintain constant blood levels and that the major effects of the 
drug will be over within a few hours after the administration is stopped 
unless some means is developed to provide a slow, steady introduction of 
the drug into the systemic circulation, such as a depot muscle preparation. 

The initial blood concentration was 0.77 per cent‘ of the injected dose 
per cc., indicating dilution with a fluid volume of 130 cc. or 53 per cent of 
the body weight. Using tritium water, Pinson® reported values for total 
body water in rats ranging from 57 to 72 per cent of body weight. The 
low dilution volume for Ca EDTA suggests that there are body compart- 
ments which do not take up Ca EDTA. One of these is the red blood cell 
compartment. As indicated under “Results,” none of the activity in the 
blood was found in the cells. The fluid volume of this compartment 
represents approximately 2 per cent of the body weight. It is quite pos- 
sible also that the drug does not readily pass across the blood-brain barrier 
and that this volume would account for some of the discrepancy between 
Ca EDTA dilution volume and total body water. 

Renal clearances were determined from the equation, C = (0.693/T,)V,° 
where C is the renal clearance, V the dilution volume, and 7’; the half 
time obtained graphically from the blood clearance curves. The values 
as determined from the intraperitoneal, intravenous, and intramuscular 


4 This value was determined from the blood concentration after intravenous in- 
jection into animals in which the kidneys had been tied off. Since the compound is 
not metabolized and is excreted almost exclusively by the kidney, tying off the 
kidneys resulted in a constant blood level which represents ‘‘initial blood concen- 
tration.’? As seen in Fig. 1, this value was 0.79 per cent per cc. To be used for 
accurate estimation of dilution volume, there must be added to this figure a correc- 
tion for the kidney fluid volume (about 2 cc.), giving a corrected value of 0.77 per 
cent per cc. 

5 Pinson, E. A., and Anderson, E. C., unpublished work. 

6 Since the substance is neither metabolized nor stored and is excreted solely by the 
kidney, the data from blood clearance curves can be used to calculate renal clearance 
without resort to urine measurements. Under the above conditions, renal clearance 
is the principal determinant of the rate constant, k, in the equation for blood clear- 
ance, A; = Aoe~*t, where A; and Ap» represent blood concentrations at time ¢ and 
time 0, respectively. More precisely, the rate constant k = C/V, where C is renal 
clearance and V the dilution volume. 
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blood clearance curves were 2.25, 2.87, and 2.95, respectively. These 
results compare favorably with Diodrast clearances in rats (19), indicating 
that Ca EDTA is cleared by active secretion of the tubules as well as by 
glomerular filtration. The figures are not entirely accurate because 2 to 
4 per cent of the parenterally administered doses were recovered in the 
feces. They are, however, sufficiently valid to demonstrate the purpose 
of the calculations; namely, to determine the renal mechanism. 

The ease and simplicity with which renal clearance can be determined 
by this method suggest that Ca C-EDTA might be useful for clinical 
evaluation of renal clearance, provided that facilities for the assay of C™ 
are available. 

The studies after oral administration indicated that Ca EDTA was poorly 
absorbed from the gastrointestinal tract. 80 to 95 per cent of the dose 
appeared in the feces in 24 hours. The amount absorbed in 24 hours, 
determined from the quantity of the compound found in the tissues and 
urine, varied from 2 to 18 per cent, most of the values being in the range 
of 2 to 4 per cent. There was a more or less steady rate of absorption with 
between 0.2 to 0.6 per cent of the dose appearing in the urine per hour for 
at least the first 6 hours. Absorption was still apparent at 48 hours, as 
evidenced by the presence of activity in urine samples taken at that time. 

The small amount of absorption from the alimentary tract can probably 
be explained on the basis of the chemical characteristics of the compound. 
At the low pH of the stomach, the calcium chelate is dissociated, with sub- 
sequent precipitation of the free acid, and this is only slowly redissolved 
as it passes through the remainder of the alimentary tract. Enteric-coated 
capsules may provide a means of altering the absorption characteristics. 
It should be pointed out that increasing the dose is not a satisfactory means 
of increasing the amount absorbed, since large doses given orally produce 
diarrhea. In the rat, doses larger than 250 mg. produced diarrhea. 

A very small amount of the activity, less than 0.1 per cent, appeared in 
the respiratory COs, which suggested that practically none of the com- 
pound was oxidized. Chromatography provided further evidence that the 
compound is not metabolized, but passes through the body unchanged. 
The presence of a single band on the radioautographs of chromatograph 
strips from plasma and urine samples indicates that the activity is asso- 
ciated with a single compound. The identity of this compound was demon- 
strated to be EDTA by showing that the band on the chromatograph 
corresponded exactly with a band produced by chromatographing urine 
containing added Ca and Na EDTA. The presence of inert Ca and Na 
EDTA on the chromatograph strips was illustrated by spraying with 5 
per cent CuSO,. A blue band of color was produced at the site of the 
Na or Ca EDTA, owing to the formation of the Cu EDTA chelate. 
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SUMMARY 


The metabolism of the calcium chelate of ethylenediaminetetraacetic 
acid was studied in rats by using material labeled with C“. It was found 
that essentially all of the material passed through the body unchanged, 
with a turnover time of approximately 50 minutes. A very small portion 
was turned over slowly. Less than 0.1 per cent of the material was oxi- 
dized and expired as COz. None of the organs concentrated the drug. 
After parenteral administration, 95 to 98 per cent of the compound was 
excreted in the urine by 6 hours. The material was cleared through the 
kidney by tubular excretion as well as by glomerular filtration. After 
injection, the material passed rapidly out of the vascular system to mix 
with approximately 90 per cent of the body water. It did not pass into 
the red blood cells. A maximum of 18 per cent was absorbed by 24 hours 
after oral administration, with evidence of a small amount of absorption 
continuing at 48 hours. 
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URIDINE DIPHOSPHATE ACETYLGLUCOSAMINE* 
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Studies on partially purified preparations of uridine diphosphate glucose 
(1, 2) obtained from yeast revealed the presence of a similar compound 
containing a different sugar moiety (3). In the course of a systematic 
study on yeast nucleotides this substance, previously referred to as UDPX 
and now as UDPAG;! was obtained in larger amounts. The properties of 
the sugar moiety are those of acetylglucosamine, and therefore UDPAG is 
closely related to the compounds found by Park (4) in the cells of Staphylo- 
coccus aureus treated with penicillin, which contain uridine-5’-pyrophos- 
phate combined with an unidentified amino sugar derivative. 


Separation of Yeast Nucleotides 


A nucleotide mixture obtained from yeast by extraction with 50 per cent 
ethanol, followed by precipitation with mercuric chloride and treatment 
with hydrogen sulfide, was run through an anion exchange resin (Dowex 
1) and eluted with solutions of decreasing pH and increasing chloride con- 
centration, following the procedure described by Cohn (5). The fractions 
corresponding to each peak were passed through small charcoal columns 
and the substances were subsequently eluted with ethanol-ammonia. The 
concentrated solutions thus obtained were analyzed so that the substances 
corresponding to each peak could be tentatively identified. The results 
appear in Fig. 1 and Table I. 

It is interesting that several uridine compounds were found. One of 
them could not be identified and the others were UMP-5’, UDPG, and 
UDPAG. In view of the relatively large amount of UDPAG which could 
be obtained free from UDPG, most of the efforts were concentrated on the 


* This investigation was supported in part by a research grant (G-3442) from the 
National Institutes of Health, United States Public Health Service, and by the 
Rockefeller Foundation. 

t Calle J. Alvarez 1719. 

A preliminary report has been published (Ciencia e Investigacién (Buenos Aires), 
8, 469 (1952)). 

1 The following abbreviations will be used: UDPG for uridine diphosphate glucose; 
UDPAG for uridine diphosphate acetylglucosamine, UDP for uridine diphosphate, 
UMP for uridine monophosphate, ADP for adenosinediphosphate, AMP for adeno- 
sinemonophosphate, DPN for diphosphopyridine nucleotide. 
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former substance. For this purpose a simplified scheme of elution from 
the resin was employed and, after adsorption on charcoal and evaporation 
under reduced pressure, the substance was fractionally precipitated as the 
calcium salt with ethanol. 

The amount of UDPAG obtained from fresh bakers’ yeast was variable, 
about 200 micromoles per kilo in one experiment and 50 ym in the others. 
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Fig. 1. Separation of yeast nucleotides by anion exchange. The lines above the 
peaks represent the fractions of each peak pooled for analysis. Peak B, mainly 
DPN;; Peak C, a uridine derivative plus unknown substance; Peak D, AMP-5’; Peak 
IE, UMP-5’ plus unidentified compound; Peak F, inosinic and guanylic acids; Peak 
G, an ADP-ribose compound; Peak H, ADP; Peak I, UDPAG; Peak J, UDPG. 


The ratio UDPAG to UDPG in the extract before purification by anion 
exchange was about 2, except for some samples of toluene-treated yeast 
(1, 2) in which it was 0.3 or lower. 


Identification of Sugar Moiety 


UDPAG liberates by mild acid hydrolysis a substance with about half 
the reducing power of glucose (assuming 1 molecule of the substance per 
molecule of uridine) (3). 

This substance was found to give a positive reaction for acetylhexosa- 
mines, and therefore the statement contained in a previous paper (3) on 
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the negative Elson and Morgan reaction was erroneous. The absorption 
spectra of the sugar moiety of UDPAG and acetylglucosamine after treat- 
ment with dilute alkali and p-dimethylaminobenzaldehyde, as described 
by Aminoff et al. (6), were compared and found to be identical (Fig. 2). 


TABLE [ 


sae Data on Effluent Fractions 


























|p wn | Zeta 
Radenosine | Rad Rr with | of poe b Rp of. h 
Sub- P-nucleo-| Labile with ethanol- with ethanol-| butanol- | sides with pacer ne 
cance Spectrum type* | side | P-total | disodium | ethanol- | sulfates 
- ratiot | P ratiot acetate, acetate phos- jammonium!| * 
pH 7.5§ pH 3: sii phate J acetate, alee 
| H 3.8i| | Pane 
a= z ae ery Be joe - ‘, _| 
B | DPN 2.1 | 0.17 |0.37 | 0.24 | 
C | Uridine 0.71 | 0.27 |0.74 | 0.60,0.73, 0.90 | 1.18 | 
(atypical) | | 
D | Adenosine 1.03 | 0.06 | 0.47 0.64 0.75 0.95 0.17 
E | Uridine 0.92 | 0.12 | 0.55, 0.79) 0.62, 0.80) 0.88 7 
F | Inosine 0.98 | 0.13 | 0.39 0.51, 0.62 0.95 
(atypical) | | | 
G | Adenosine 2.0 | 0.16 | 0.61 0.42 | 0.95 | 0.17 
H ee 1.75 | 0.44 | 0.31 0.36 0.78 | 0.96 | 0.17 
I Uridine 1.8 0.49 | 0.79 0.61 1.18 
A “§ 1.6 0.46 | 0.68 0.47 











* Determined in neutral, acid (0.1 N), and alkaline 0. 1 N) solutions. 
+ Calculated from the total phosphate and the extinction coefficients of the sub- 
stances as found in the literature. 


t Labile phosphate is defined as the phosphate liberated by 15 minutes hydrolysis 
in 1 N acid at 100°. 


§ Radenosine Of adenosine-5’-phosphate, 0.47; inosine-5’-phosphate, 0.41; DPN, 
0.38. For other data, see Paladini and Leloir (3). 

|| Radenosine Of adenosine-5’-phosphate, 0.63; inosine-5’-phosphate, 0.63; DPN, 
0.24; uridine-5’-phosphate, 0.79; uridine, 1.16; inosine, 1.02; AMP-3’ after phos- 
phatase, 0.95. For other data, see Paladini and Leloir (8). 

| Rr of adenosine-5’-phosphate, 0.75; adenylie acid a, 0.73; adenylic acid b, 0.64. 

** Re of adenine, 0.17. 


By paper chromatography of the free sugar with pyridine-ethyl acetate- 
water (7), followed by spraying with aniline phthalate (8) or with the 
modified Elson and Morgan reagent (9), a single spot was obtained, with 
the same Regtucose Value and color as acetylglucosamine (Table II). More 
than twenty sugars have been tested with this solvent. Of these, only 
acetylgalactosamine and 3-methylgalactose migrated on the paper at a rate 
similar to that of acetylglucosamine. However, acetylgalactosamine can 
be easily differentiated from acetylglucosamine by using the same solvent, 
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but with borate-treated papers (Table II), while 3-methylgalactose gives 
different color reactions. 

Identical Reiucose values for acetylglucosamine and the sugar from UD- 
PAG were also obtained by chromatography with butanol-ammonia. 
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Fig. 2. Absorption spectra of the sugar moiety of UDPAG (@) and of acetylglu- 
cosamine (solid line) treated with alkali and p-dimethylaminobenzaldehyde accord- 
ing to Aminoff et al. (6). The absorbancy values were multiplied by a factor so as 
to make the absorbancy at 545 my equal to 1.0. 


TaB_e II 
Paper Chromatography of Sugar Moiety from UDPAG 
Solvent, ethyl acetate-pyridine-water (7, 21). 





Rglucose values of spots 








Substance a 
B buffered 
| Untreated paper ae oe 
AOOLYIRIUGOSAMITIO 0) ie des. | 1.24 2.25 
Acetylgalactosamine................... cc cece ee eee 1.14 By 
pe Ggelur hy t- WN OED) 2, | C Aaa ee oe ae ees | 1.23 2.24 





When the sugar was submitted to prolonged hydrolysis under conditions 
which lead to deacetylation of acetylglucosamine, it was found to give a 
positive Dische and Borenfreund reaction for glucosamine (10). The hy- 
drolysate was run on paper with a solvent mixture composed of ethyl 
acetate, pyridine, ammonia, and water. The chromatogram, sprayed with 
the modified Elson and Morgan reagent, showed a residual spot with the 
same Ryiucose a8 acetylglucosamine, and a new one with the same Rgjucose 28 
glucosamine, as can be seen in Table ITI. 

The isolation of acetylglucosamine was not attempted on account of the 
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relatively small amounts of UDPAG available, but the evidence outlined 
above leaves little doubt about its identity. As unhydrolyzed UDPAG is 
non-reducing and gives no color with the Morgan and Elson reagent (11), 
it may be concluded that acetylglucosamine is linked to the rest of the 
molecule through the carbon atom 1. The sugar is very easily liberated 
by dilute acid, as shown in Fig. 3. 


Tasie III 
Paper Chromatography of Deacetylated Sugar from UDPAG 
Solvent, ethyl acetate-pyridine-ammonia water (see the text). 























Substance | Rglucose values of spots 
AGBUGIRIUCOROTIING 565: osc. sacca eg cw ede ohare ween | 1.20 
CTI COM ENO 5a 627206 cope cade age RhineuntLt case eeen 0.68 
CRE RGUORATIINIO «55.5054 cssrat oooh eee ae Ts Sete 0.53 
Deacetylated acetylglucosamine.....................0005 | 0.69, 1.20* 
ibe sugar from: UDPAG ©. «.< svsiccesa voeexeaats | 0.70, 1.20* 
* Very feeble. 
q ' "a 
MlOOF 5 
7) 
> 
5 8OF “ 
aa 
Sank i 
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| l 1 
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Fic. 3. Liberation of acetylglucosamine from UDPAG heated in 0.01 n acid at 
100°. The value obtained after 30 minutes was taken as 100. 


Presence of Uridine 


The absorption spectrum of UDPAG was found to be identical with 
that of uridine (2) and to show the same changes with pH and upon the 
addition of bromine. Uridine could be identified also chromatographically 
as a breakdown product of UDPAG (see below). 


Presence of Phosphate 


As in UDPG, two phosphate groups per molecule of uridine were found. 
One of them is acid-labile and can be hydrolyzed in 20 minutes with 1 n 
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acid at 100°. Comparative hydrolysis data for UDPAG and UDPG are 
shown in Table IV. 


Acid Hydrolysis of UDPAG 


Uridine-5’-pyrophosphate and uridine-5’-monophosphate were identified 
as breakdown products of UDPAG, after acid hydrolysis, by paper chro- 


TaBLE IV 
Phosphate Liberated from UDPAG and UDPG by Acid Hydrolysis 


The figures represent the per cent phosphate liberated at 100°, the 30 minute 
value in 1 N acid being taken as 100. 











| 1 N acid 0.1 N acid 
Time | ‘ - . ‘ ee ne ee ae 
| UDPAG UDPG | UDPAG | UDPG 
al: ar s sab caaageee pata 
15 | 94 90.7 | 38.4 | 41 
30 | 100 100 63 60.7 
60 | 100 100 85 | 81.3 
120 99 | 94.3 
TABLE V 


Paper Chromatography of Nucleotides Obtained by Acid Hydrolysis of UDPAG 





Radenosine values of ultraviolet-absorbing 





Substance |——————____—_— 
Thheed-eemnenten | Ethanol-ammonium 
acetate, pH 7.5 | acetate, pH 3.8 
SUMMER ERR ee he nas made eMac g hia iets maiden Sat | 0.43 | 0.45 
ASEM Co ogi pee en ee | 0.68 | 0.60 
SESSA TELE | 014 | 0.40 
UDPAG heated 10 min. in 0.01 N acid at 100°....... 0.14 | 0.39 
SUPER EE (20 100 02 a | 0.30 | 0.76 
UDPAG heated 20 min. in 1 N acid at 100°........ 0.30 0.77 


URN eR DP oa) Sia or 64a 1a shel diana Nese talo 0 W cial dip siavsia blouses | 0.40 | 0.88 





matography in two different solvents (Table V). The standards of com- 
parison were a synthetic specimen of UMP-5’ and UDP obtained from 
UDPG. This UDP has been shown by Anand et al. (12) to be identical 
with synthetic uridine-5’-pyrophosphate. 

The position of the phosphate group in uridylic acid was further con- 
firmed by treatment with a 5’-nucleotidase from snake venom (13). As 
can be seen in Table VI, the uridylic acid obtained from UDPAG was 
hydrolyzed by this enzyme yielding inorganic phosphate and a substance 
with the same Radenosine 2S Uridine, whereas UMP-3’ was not attacked. 
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Alkaline Hydrolysis 


It was previously observed (3) that chromatography of UDPG and 
UDPAG mixtures with an alkaline solvent led to a decomposition of the 
former substance but to no observable change of the latter. The alkaline 
decomposition of UDPG was found to give rise to UMP-5’ and a cyclic 
phosphoric ester of glucose. No chromatographically detectable change 
has been observed after heating UDPAG during 5 minutes at 100° in con- 
centrated ammonia. After heating 15 minutes at 100° in 0.15 n barium 
hydroxide, two substances could be detected by paper chromatography 


TaBLe VI 
Action of &'-Nucleotidase on Uridine Monophosphate from UDPAG 

Each tube contained 0.1 ml. of Crotalus adamanteus enzyme, 5 um of MgCl, 50 
uM of glycine, pH 8.5, 1 wm of uridine monophosphate from UDPAG or UMP-3’. 
Total volume, 0.4 ml. The mixture was incubated at 37° and the reaction stopped 
by addition of 0.8 ml. of ethanol. After centrifuging, 0.5 ml. aliquots of the su- 
pernatant were taken for inorganic phosphate determinations and the rest was 
evaporated in vacuo and submitted to paper chromatography with ethanol-am- 
monium acetate, pH 3.8. The Radenosine of synthetic UMP-5’ and of uridine were 
0.79 and 1.18 respectively. 





. Inorganic ‘ 
Time of . | Radenosine Of ultraviolet- 
Substrate added incubation — rad | absorbing substances 


Somin | ge | 
UMP from UDPAG................-- 0 0.18 | 0.79 
TL ae te ee 30 | 0.95 0.78,* 1.17 
Ree Se Ree: Wane ( SNe | 0 | oe 0.89 
OP i espe th oy oe ait oxen ae eee eal 30 1-9 0.87 





which appeared to be UMP-5’ and acetylglucosamine-1-phosphate (Ta- 
ble VII). The latter substance has been prepared synthetically and will 
be dealt with in future papers. Park (4) has commented on the different 
stability to alkali of UDPG and the UDP-amino sugar compounds. The 
cause of the greater stability would be that in UDPAG the hydroxyl at 
position 2 is unavailable for the formation of the cyclic phosphoric ester. 


Linkage of Different Components 


The analytical data for the calcium salt of UDPAG dried over phospho- 
rus pentoxide are shown in Table VIII. The results correspond to a prep- 
aration of about 90 per cent purity of a compound containing one uridine, 
two phosphate groups (one of them being acid-labile), and one acetylglucos- 
amine residue. 
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Taste VII 

Paper Chromatography of Alkaline Degradation Products of UDPAG 
After hydrolysis, the samples were neutralized with sulfuric acid and centrifuged. 
The supernatants were passed through a cation exchange resin (Dowex 50). The 
eluates were neutralized with ammonia, evaporated in vacuo, and used for chroma- 
tography. Solvent, ethanol-ammonium acetate, , PH 3.8. 8. 














Distance of spots from starting line 
Time of heat- 
Substance HEDIS ss CS a alt 
BARUEEDe Located with Located with P reagent 
> ia aca ae ti — | min. cm. | em. | om. | om. | om 
DE Gris erin ivaiess vevvawst | 0 18.6 | 18.6 
it US eee eee eee ee | 5 18.6 | 22.5 | 18.6 | 22.5 | 28.8 
Tes) 2. SME IO SRR EE Ss eis See 15 18.6* | 22.8 | 18.6 | 22.8 | 28.7 
Acetylglucosamine-1-phosphate. .. .| 0 | 29.7 
scamnsen CEP Oe | 0 | 23.7 | | 28.7 








* Faint. 


The fact that the intact compound is non-reducing and gives no Morgan 
and Elson reaction and the liberation of UDP and UMP-5’ by acid hy- 
drolysis suggest a structure similar to that of UDPG. This structure is 
further supported by the results of the alkaline hydrolysis. 
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Uridine diphosphate acetylglucosamine 


The compound represented by the accompanying formula would show 
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two primary phosphoric acid groups. Hydrolysis at the points marked a 
and b would yield one secondary phosphoric acid group in each case. Be- 
sides, hydrolysis at a and b would liberate acetylglucosamine and inorganic 
phosphate. Therefore, the electrometric data were compared with the 
values predicted from total phosphate, inorganic phosphate, and free acetyl 
glucosamine estimations in samples of the substance before and after hy- 












































TaBLe VIII 
Analytical Data for Sample of Calcium Salt of UDPAG 
Component Found Theoretical for | Ratio, com- 
salt | ponent-uridine 
“pa perm. | puperm. | 
Uridine (from absorbancy at 260 myz)....... 1.48 1.55 1 
Total phosphates.) . 5 2.05.2 sos foci e dene 2.75 3.1 1.86 
Labile s (20 min. in 1 N acid at 100°). 1.31 1.55 0.885 
Acetylglucosamine.....................000 1.49 1.55 1.01 
NER ROM EI t5-5.4 ete cine oda oc ee eve ec 4.59 4.66 3.12 
TaBLeE IX 
Electrometric Titration of UDPAG 
The technique was the same as described previously (2). 
Base, peq. 
br phe 2 . Calculated from analytical data Observed on electrometric titration 
Primary | Secondary Primary* | Secondaryt 
min. as te ie oe | il 
0 9.6 | 0 9.6 | 0 
10 9.6 5.0 9.6 5.2 
60 9.6 8.0 9.6 8.2 


* Titrated to pH 4.5. 
{ Titrated from pH 4.5 to 8.2. 


drolysis. The results, which were exactly equivalent to those obtained 
previously (1, 2) with UDPG, are summarized in Table IX, and agree well 
with those predicted from the accompanying formula. 

Park’s Compound I differs from UDPAG, since its sugar moiety contains 
an acid group and does not migrate on paper like acetylglucosamine (4). 

Due to the close similarity in the structures of UDPAG and UDPG, and 
considering the coenzymatic activity of the latter, it may be suspected 
that UDPAG plays some réle in the metabolism of hexosamines. How- 
ever, preliminary experiments in this direction have been negative. 
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EXPERIMENTAL 


Methods—Besides those employed in previous papers (1-3), the following 
analytical methods were used: those of Morgan and Elson (11) or Aminoff 
et al. (6) for acetylglucosamine, Dische and Borenfreund (10) for glucosa- 
mine, Johnson (14) for nitrogen, Albaum and Umbreit (15) for pentoses, 
Kalckar (16) for AMP-5’ deaminase, Schlenk and Schlenk for AMP-5’, 
using muscle enzymes (17), Colowick et al. (18) for DPN, and Cori and 
Green (19) for AMP-5’, using phosphorylase b. 

Nucleosides were prepared from the nucleotides by treatment with a 
purified pig’s kidney alkaline phosphatase (20). 

The nucleotides were hydrolyzed to the free bases by heating at 100° in 
1 w sulfuric acid during 30 minutes for the purines, and in 2.5 Nn sulfuric 
acid during 6 hours for the pyrimidines. 

Paper chromatography of sugars was carried out with the ethyl acetate- 
pyridine-water mixture previously used (7, 21). Acetylglucosamine and 
acetylgalactosamine were separated by using papers which had been im- 
mersed in 0.2 m borate buffer of pH 8 and dried. Glucosamine and galac- 
tosamine showed a marked tailing with the above mixture, but gave well 
defined and separated spots after running with a more alkaline solvent 
prepared by mixing ethyl acetate, pyridine, concentrated ammonia, and 
water in the proportions 10:5:3:3 by volume. After equilibrating at 30°, 
the upper phase was used. 

Sugars were located as described by Partridge with aniline phthalate (8) 
or with a modified Elson and Morgan reagent (9). 

For paper chromatography of nucleotides and nucleosides, the ethanol- 
ammonium acetate mixtures already described (3) were used, in addition 
to Carter’s isoamyl alcohol-disodium phosphate solvent (22). The chro- 
matography of free purine and pyrimidine bases was carried out with iso- 
propanol-ammonium sulfate (23) or with butanol-ammonia (24). Stand- 
ard substances were run in every chromatogram, since no precautions were 
taken to obtain reproducible Ry values. The position of ultraviolet-ab- 
sorbing substances was ascertained with a Mineralight lamp and that of 
phosphorylated compounds according to Bandurski and Axelrod (25). The 
position of the substances on the paper is given relative to the position of 
glucose or adenosine. For instance, the ratio of the distance traveled by 
the unknown substance to the distance traveled by glucose is referred to 
as |. Ae 

Yeast Extract—To 10 kilos of bakers’ yeast, 10 liters of 95 per cent etha- 
nol were added and the mixture was heated with continuous stirring until 
it boiled. On the following day it was filtered through a 32 cm. Biichner 
funnel with a filter-aid. The filtrate was acidified with 5 n nitric acid until 
acid to Congo red paper. Then 30 ml. of mercuric acetate (2) per liter 











nn. @ 


t] 


1a- 
itil 
ner 
itil 
ter 








E. CABIB, L. F. LELOIR, AND C. E. CARDINI 1065 


were added. After mixing, the preparation was left overnight in the re- 
frigerator. The suspension was filtered through a Biichner funnel. The 
precipitate was dried as much as possible by suction, and placed in a 
blendor with 1200 ml. of water, and decomposed with hydrogen sulfide in 
the cold. The mercuric sulfide was filtered off and washed with 100 ml. 
of water, and the combined filtrates were aerated and neutralized to pH 
6. Prior to chromatography, the solution was brought to pH 7.5 by addi- 
tion of concentrated ammonia. 

Column Chromatography—A glass column (50 cm. high and 4.5 cm. inner 
diameter) was fed through a rubber tubing by a container hung about 1.5 
meters above. 

The fraction collector consisted of a row of forty flat bottles of 1 liter 
capacity over which the column was displaced on rails by an electrically 
driven motor, so that a distance of about 2 meters was covered in 24 hours. 
The tip of the column was fitted with a hanging funnel and an escape 
mechanism controlled by a row of suitably spaced nails which prevented 
the loss of effluent in the space between the bottles. 

The strong base Dowex 1 anionic resin was employed throughout. The 
resin (200 to 400 mesh) was converted to the chloride form with 1 N hy- 
drochloric acid and freed from fines by six or more decantations from water. 

A smaller amount of coarser resin, obtained by further decantations and 
suspended in water, was poured into the column to form a layer 2 to 3 cm. 
thick, which prevented leakage of the smallest particles through the fritted 
glass disk. The rest of the resin, suspended in a small amount of water, 
was then added and allowed to settle. The column, which was 30 cm. 
high, was washed with 1 n hydrochloric acid until the absorbancy of the 
effluent dropped to a value of 0.03 to 0.04, followed by water until the pH 
of the effluent was about 5. 

The solution of nucleotides (1500 ml., containing about 8000 um calcu- 
lated as uridine from the absorbancy at 260 my) was allowed to drain at 
a rate of 6 to 8 ml. per minute. From this point on, the procedure varied 
in different cases. 

(a) For the type of experiment shown in Fig. 1, the column was first 
washed with water until the absorbancy of the effluent dropped below 0.1. 
Then the first eluent (0.002 n hydrochloric acid) was run through and the 
elution was followed by measurements of the absorbancy at 260 mu. The 
rate of flow was maintained between 6 and 8 ml. per minute. Each eluent 
was replaced by the next one after the absorbancy of five to ten fractions 
(2.5 to 5 liters) had remained under 0.1. 

The highest concentration of hydrochloric acid used was 0.01 N in order 
to prevent decomposition of labile nucleotides, and solutions of higher elu- 
ting power were prepared by addition of sodium chloride. 
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(b) When it was desired to isolate only UDPAG and UDPG, a simplified 
procedure was employed. After a washing with water (500 ml.), the fol- 
lowing solutions were successively run through the column: 0.01 n hydro- 


chloric acid, 0.01 Nn sodium chloride in 0.01 n hydrochloric acid, 0.02 n - 


sodium chloride in 0.01 n hydrochloric acid. Each eluent was replaced 
by the next, the same criterion as in (a) being used. Finally, UDPAG and 
UDPG could be eluted separately with 0.03 n sodium chloride in 0.01 n 
hydrochloric acid. In extracts from toluene-treated yeast, which con- 
tained less UDPAG than UDPG, a complete separation between the two 
substances could be obtained only when a solution of 0.025 n sodium 
chloride in 0.01 nN hydrochloric acid was used in the last step. 

After each run the column was regenerated with 1 n hydrochloric acid, 
followed by water. The same column was used several times, except for a 
small layer at the top which darkened during the run and was replaced 
each time by fresh resin. 

Concentration—The method of Cohn (5), which makes use of small resin 
columns, was discarded in view of the conditions of high acidity to which 
the substances are exposed during the process of concentration. Instead, 
an alternative procedure was devised which. yielded excellent results in most 
cases. The fractions belonging to each peak were pooled and adsorbed on 
a small charcoal column (3 gm. of Norit A in a fritted glass funnel 4 cm. 
in diameter). Elution from the charcoal was carried out with a water- 
ethanol-ammonia mixture (40 ml. of 95 per cent alcohol plus 1 ml. of con- 
centrated ammonia, made up to 100 ml. with water). 

Each fraction of 3 to 5 ml. was collected in the cold and immediately 
adjusted to pH 5 to 6 with hydrochloric acid. The fractions of high ab- 
sorbancy were then pooled. It was thus possible to concentrate the solu- 
tions from several liters to 20 to 40 ml. The yield of this step was 70 to 
80 per cent. 

These solutions were further concentrated by evaporation under reduced 
pressure, and in some cases the nucleotides were precipitated as the calcium 
salt by addition of some drops of a saturated solution of calcium chloride 
in ethanol, followed by several volumes of ethanol until no more precipita- 
tion occurred. 

Analysis of Effluent Fractions—Some of the results obtained from the 
study of the fractions isolated in the experiment of Fig. 1 are summarized 
in Table I. Besides the analytical data obtained for each compound, fur- 
ther information was provided by the composition of the eluent, since a 
lower pH and a higher anion concentration are needed for the elution of 
the ions with higher net negative charge (5). 

A considerable amount of ultraviolet-absorbing material, representing 
about 30 per cent of the total absorbancy of the sample, was not ad- 
sorbed on the column and was recovered in the wash water. This frac- 
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tion, which contained no phosphate, probably consisted mainly of nucleo- 
sides and free bases. On standing, it gave rise to a crystalline precipitate 
which seemed to be hypoxanthine, as judged by its spectrum. 

Peak A was not analyzed, as most of it was lost in the process of con- 
centration. 

Peak B gave an adenosine spectrum. A band at 340 my appeared in 
cyanide solution. The Ry values were those of DPN. It catalyzed the 
oxidation of alcohol and glyceraldehyde phosphate in the presence of yeast 
enzymes and dichlorophenol indophenol. The material contained in Peak 
B therefore appeared to be DPN, but some contaminant was present since 
the phosphate content was too high for the DPN values calculated from 
the absorbancy at 340 mu. 

Peak C—Two spots were obtained by paper chromatography with one 
of the solvents. After separation of the two substances, one (C;) was 
found to give a spectrum similar to that of uridine, while the other (C2) 
gave a spectrum which could not be identified (maximum 260 muy in acid, 
230 and 260 my in alkali). 

The Ry of the nucleoside prepared from C; corresponded to that of uri- 
dine. Acid hydrolysis gave a substance of spectrum and R, corresponding 
to uracil. In addition, two other substances appeared, one probably being 
UMP while the other could not be identified. Therefore, Peak C contained 
two substances, one of which is a uridine compound. 

Peak D—The data obtained for this substance were as follows. The 
spectrum was typical for adenosine. There was one phosphate for each 
adenosine, 6 per cent of which was acid-labile. The Ry values in three 
solvents corresponded to AMP-5’, and the substance obtained after hy- 
drolysis with phosphatase gave the Rr value of adenosine and that of 
adenine after acid hydrolysis. 

The substance stimulated phosphorylase b and the dephosphorylation 
of phosphopyruvate as described by Schlenk and Schlenk (17). Muscle 
deaminase produced the same spectral changes as on AMP-5’. From this 
evidence it can be concluded that the substance in Peak D is AMP-5’. 

Peak E gave two spots on paper chromatography, one of them (Ez) 
corresponding to UMP-5’, as judged by the Ry value and by the type of 
the spectrum. The other compound (Fi) gave a spectrum very similar to 
that of C.. The results obtained after phosphatase or acid treatment of 
Peak E were very similar to those for Peak C. Therefore, Peak E appeared 
to contain UMP-5’ and an unidentified compound. 

Peak F—The spectrum was somewhat similar to that of inosine. Anal- 
ysis showed one phosphate per nucleoside residue. Two spots appeared 
on chromatography with one solvent and the Fy of one of these spots cor- 
responded to that of inosinic acid. After elution of the substances in each 
spot, the faster gave a typical inosine spectrum and the slower a guanosine 
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type of spectrum. The bases liberated by acid hydrolysis were hypoxan- 
thine and guanine, as judged by paper chromatography, followed by elution 
and spectrophotometry. 

Thus Peak F appeared to contain a mixture of inosinic and guanylic 
acids. Considering the acid stability of the phosphate, these substances 
probably corresponded to the 5’ isomers. 

Peak G—A typical adenosine spectrum was obtained. No spectral 
change was observed after addition of cyanide. Two phosphate groups 
per adenosine were found. Paper chromatography of the nucleoside and 
base gave Ry values equal to those of adenosine and adenine respectively. 
Two ribose residues per each adenosine were found. The same data would 
be obtained for the product resulting from hydrolytic removal of the nico- 
tinamide from DPN. 

Peak H gave a typical spectrum for adenosine. The phosphate-adeno- 
sine ratio was 1.75, and 44 per cent of the phosphate was labile. Adeno- 
sine and adenine were obtained by hydrolysis. In the presence of crude 
hexokinase, phosphate was transferred to glucose. The bulk of the sub- 
stance was probably ADP. 

Peak I—The subsiance contained in the fraction is referred to as UD- 
PAG and was studied in detail. 

Peak J—The data shown in Table I, the chromatographic behavior and 
the coenzymic activity corresponded to those of UDPG. 


Degradation Products of UDPAG 


Identification of Acetylglucosamine—For the quantitative tests, UDPAG 
was hydrolyzed with 0.1 N sulfuric acid during 10 minutes at 100°, the 
mixture was neutralized with 0.3 nN barium hydroxide, and the nucleotides 
precipitated by adding equal volumes of 5 per cent zinc sulfate and 0.3 Nn 
barium hydroxide. After centrifuging, acetylglucosamine was determined 
according to Aminoff et al. (6) in an aliquot of the supernatant solution. 

To obtain a solution of the sugar suitable for chromatography, UDPAG 
was hydrolyzed as above and the liquid was treated successively with a 
cation exchange and an anion exchange resin (Dowex 50 and Amberlite 
IR-4B). This solution was evaporated in vacuo and submitted to paper 
chromatography (Table IT). 

The deacetylation of the sugar was carried out on an aliquot of the same 
solution, which was heated in a sealed tube with 0.1 N sulfuric acid 24 
hours at 100°. The liquid was neutralized with barium hydroxide, cen- 
trifuged, and the supernatant solution used for chromatography. A con- 
trol with an authentic sample of acetylglucosamine was run simultane- 
ously (Table ITI). 

Uridine-Diphosphate—UDPAG was hydrolyzed with 0.01 n sulfuric acid 
during 10 minutes at 100°. All the sugar but practically no phosphate is 
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liberated under these conditions. The acid was neutralized with dilute 
ammonia and the solution used for paper chromatography. For compari- 
son, a sample of UDPG was submitted to the same treatment (Table V). 

Uridine Monophosphate—UDPAG was hydrolyzed in 1 N sulfuric acid 
during 20 minutes at 100°. The acid was neutralized with barium hy- 
droxide, and the supernatant solution used for chromatography (Table V). 

Action of 5’-Nucleotidase on Uridine Monophosphate—For this experi- 
ment uridine monophosphate was prepared from UDPAG as described 
above, except that an excess of barium hydroxide (to pH 8 to 9) was added 
in order to precipitate most of the inorganic phosphate. After centrifug- 
ing, the supernatant fluid was neutralized with sulfuric acid and centrifuged 
again. The resulting solution was incubated with the enzyme, as de- 
scribed by Heppel and Hilmoe (13) (Table VI). 


The authors wish to express their gratitude to Professor A. R. Todd for 
a sample of synthetic uridine-5’-phosphate, to Dr. L. A. Heppel for the 
Crotalus adamanteus enzyme, and to Dr. R. Caputto, Dr. J. L. Reissig, 
and Dr. R. E. Trucco for helpful criticism. 


SUMMARY 


A preparation of nucleotides from bakers’ yeast has been fractionated 
by chromatography on an anion exchange resin. The compounds con- 
tained in each fraction were tentatively identified and one of them was 
studied in more detail. This substance (UDPAG) gives the same spec- 
trum as uridine at several pH values and after treatment with bromine. 
It contains two phosphate groups, one of which is acid-labile. 

Mild acid hydrolysis liberates a substance identical with acetylglucosa- 
mine, as judged by color reactions and paper chromatography with differ- 
ent solvents. Moreover, by further acid treatment of the sugar moiety, 
a compound is released which shows the same chemical properties and 
chromatographic behavior as glucosamine. 

The nucleotides set free from UDPAG by acid hydrolysis migrate on 
paper like the UDP and UMP obtained from UDPG. 

Alkaline hydrolysis liberates substances behaving like UMP-5’ and ace- 
tylglucosamine-1-phosphate. 

These facts, together with the analytical data and the results of the 
electrometric titration, lend support to a structure for UDPAG in which 
uridine-5’-pyrophosphate and acetylglucosamine are joined through a gly- 
cosidic link. 


BIBLIOGRAPHY 


1. Cardini, C. E., Paladini, A. C., Caputto, R., and Leloir, L. F., Nature, 165, 191 
(1950). 








1070 URIDINE DIPHOSPHATE ACETYLGLUCOSAMINE 


2. Caputto, R., Leloir, L. F., Cardini, C. E., and Paladini, A. C., J. Biol. Chem., 
184, 333 (1950). 

3. Paladini, A. C., and Leloir, L. F., Biochem. J., 51, 426 (1952). 

4, Park, J. T., J. Biol. Chem., 194, 877, 885, 897 (1952). 

5. Cohn, W. E., J. Am. Chem. Soc., 72, 1471 (1950). 

6. Aminoff, D., Morgan, W. T. J., and Watkins, W. M., Biochem. J., 51, 379 (1952). 
7. Jermyn, M. A., and Isherwood, F. A., Biochem. J., 44, 402 (1949). 

8. Partridge, 8S. M., Nature, 164, 443 (1949). 

9. Partridge, S. M., Biochem. J., 42, 238 (1948). 

10. Dische, Z., and Borenfreund, E., J. Biol. Chem., 184, 517 (1950). 
11. Morgan, W. T. J., and Elson, L. A., Biochem. J., 28, 988 (1934). 

12. Anand, N., Clark, V. M., Hall, R. H., and Todd, A.R., J. Chem. Soc., 3665 (1952). 
13. Heppel, L. A., and Hilmoe, R. J., J. Biol. Chem., 188, 665 (1951). 

14. Johnson, M. J., J. Biol. Chem., 187, 575 (1941). 

15. Albaum, H. G., and Umbreit, W. W., J. Biol. Chem., 167, 369 (1947). 

16. Kalckar, H. M., J. Biol. Chem., 167, 445 (1947). 

17. Schlenk, F., and Schlenk, T., J. Biol. Chem., 141, 311 (1941). 

18. Colowick, 8S. P., Kaplan, N. O., and Ciotti, M. M., J. Biol. Chem., 191, 447 (1951). 
19. Cori, G. T., and Green, A. A., J. Biol. Chem., 161, 31 (1943). 

20. Albers, H., and Albers, E., Z. physiol. Chem., 232, 189 (1935). 

21. Leloir, L. F., Arch. Biochem. and Biophys., 33, 186 (1951). 
22. Carter, C. E., J. Am. Chem. Soc., 72, 1466 (1950). 

23. Markham, R., and Smith, J. D., Biochem. J., 49, 401 (1951). 

24. Markham, R., and Smith, J. D., Biochem. J., 45, 294 (1949). 

25. Bandurski, R.S., and Axelrod, B., J. Biol. Chem., 198, 405 (1951). 








Vitna 


INDEX TO AUTHORS 





A 
Adelberg, Edward A. See Miller, Tsu- 
chida, and Adelberg, 205 
Alexander, Hattie E. See Zamenhof, 
Leidy, FitzGerald, Alexander, and Char- 
gaff, 695 
Allen, David W., Wyman, Jeffries, Jr., 
and Smith, Clement A. The oxygen 
equilibrium of fetal and adult human 


hemoglobin, 81 
Almen, Mary Carol. See Drury and 
Wick, 411 
Anthony, W. L. See Beher and Anthony, 
895 


Ash, Lucienne. See li and Ash, 419 
Asnis, Robert E., and Brodie, Arnold F. 
A glycerol dehydrogenase from Escher- 


ichia coli, 153 
Atlas, Sheldon M. See Stern and Atlas, 
795 


Awapara, Jorge. 2-Aminoethanesulfinic 
acid: an intermediate in the oxidation 
of cysteine in vivo, 183 

— and Wingo, William J. On the mech- 
anism of taurine formation from cys- 


teine in the rat, 189 

Ayengar, Padmasini. See Roberts, Ayen- 

gar, and Posner, 195 
B 

Bachhawat, Bimal K. See Gibson, 


Davisson, Bachhawat, Ray, and Vest- 
ling, 397 
Baggett, Billy, Kinsella, Ralph A., Jr., 
and Doisy, Edward A. Hydrolysis of 
conjugates of urinary corticoids with 
6-glucuronidase. II. The _ isolation 
and determination of tetrahydrocor- 
tisone, 1018 
Bates, Jacqueline C. See Geyer, Bowie, 
and Bates, 625 





Beinert, Helmut, Green, D. E., Hele, P., 
Hift, Helen, Von Korff, R. W., and 
Ramakrishnan, C. V. The acetate ac- 
tivating enzyme system of heart 
muscle, 35 

Bendich, Aaron, Russell, Percy J., Jr., 
and Brown, George Bosworth. On the 
heterogeneity of the desoxyribonucleic 
acids, 305 

Benson, A. A. See Buchanan, Lynch, 
Benson, Bradley, and Calvin, 935 

Berky, John. See Martin, Berky, God- 
zesky, Miller, Tome, and Stone, 239 

Bernheim, Frederick. The effect of sub- 
stituted benzoic acids on adaptive en- 
zyme formation in a Mycobacterium, 

775 

Bessman, Maurice J. See Schmidt, Bess- 
man, and Thannhauser, 849 

Bessman, Samuel P. See Udenfriend 
and Bessman, 961 

Birnbaum, Sanford M., Fu, Shou-Cheng 
J., and Greenstein, Jesse P. Resolu- 
tion of the racemic a-amino deriva- 
tives of heptylic, caprylic, nonylic, 
decylic, and undecylic acids, 333 

—. See Rao, Birnbaum, and Greenstein, 


1 
Black, Arthur. See Kleiber, Black, 
Brown, and Tolbert, 339 


Blum, Amos E. See Horn, Blum, Gers- 
dorff, and Warren, 907 
Bowie, Ethel J. See Geyer, Bowie, and 
Bates, 625 
Bradley, D. F. See Buchanan, Lynch, 
Benson, Bradley, and Calvin, 935 
Brodie, Arnold F. See Asnis and Brodie, 
153 

Brown, George Bosworth. See Bendich, 
Russell, and Brown, 305 
Brown, Mary A. See Kleiber, Black, 





Baumann, C.A. See Idler and Baumann, Brown, and Tolbert, 339 
389 | Brunner, M. P. See Colingsworth, 

Beher, W. T., and Anthony, W.L. Stud- | Karnemaat, Hanson, Brunner, Mann, 
ies of antimetabolites. III. The me- | and Haines, 807 
tabolism of 3-acetylpyridine in vivo, | Buchanan, Donald L. See Swick, 
895 Buchanan, and Nakao, 55 


1071 








1072 


Buchanan, J. G., Lynch, V. H., Benson, 
A. A., Bradley, D. F., and Calvin, 
Melvin. The path of carbon in photo- 
synthesis. XVIII. The identification 


of nucleotide coenzymes, 935 

Buchanan, John M. See Williams and 

Buchanan, 583 
Cc 


Cabib, E., Leloir, Luis F., and Cardini, 
C.E. Uridine diphosphate acetylglu- 


cosamine, 1055 
Calvin, Melvin. See Buchanan, Lynch, 
Benson, Bradley, and Calvin, 935 
Cardini, C. E. See Cabib, Leloir, and 
Cardini, 1055 
Cerceo, Emily. See Pearlman and Cer- 
ceo, 127 
Chaikoff, I. L. See Emanuel and Chai- 
koff, 167 
—. See Osborn, Felts,and Chaikoff, 
173 
—. See Tomkins, Sheppard, and Chai- 
kof, 781 
Chargaff, Erwin. See 7amm and Char- 
gaff, 689 
—. See Tamm, Shapiro, Lipshitz, and 
Chargaff, 673 
—. See Zamenhof, Leidy, FitzGerald, 
Alexander, and Chargaff, 695 
Christensen, J. R. See Strength, Chris- 
tensen, and Daniel, 63 


Cohn, Waldo E., and Volkin, Elliot. On 
the structure of ribonucleic acids. I. 
Degradation with snake venom dies- 
terase and the isolation of pyrimidine 
diphosphates, 319 

Colingsworth, D. R., Karnemaat, J. N., 
Hanson, F. R., Brunner, M. P., Mann, 
Kingsley M., and Haines, William J. 
A partial microbiological synthesis of 


hydrocortisone, 807 
Cooper, A. R. See Forbes, Cooper, and 
Mitchell, 359 
Cooper, Jack R. See Udenfriend and 
Cooper, 953 
Cori, Osvaldo. See Kaufman, Gilvarg, 
Cori, and Ochoa, 869 


Crane, Robert K., and Sols, Alberto. 
The association of hexokinase with 





INDEX 


particulate fractions of brain and other 


tissue homogenates, 273 
D 

Daniel, Louise J. See Strength, Chris- 

tensen, and Daniel, 63 


Davisson, Edwin O. See Gibson, Davis- 
son, Bachhawat, Ray, and Vestling, 
397 
De Meio, R. H., Wizerkaniuk, Martha, 
and Fabiani, Emma. Role of adeno- 
sinetriphosphate in the enzymatic syn- 
thesis of pheny] sulfate, 257 
Dietrich, L. S., and Shapiro, D. M. In- 
hibition of guanase in vitro by various 


pteridine compounds, 89 
Doisy, Edward A. See Baggett, Kin- 
sella, and Doisy, 1013 
Dorfman, Albert. See Roseman, Moses, 
Ludowieg, and Dorfman, 213 
Dorfman, RalphI. See Rubin, Dorfman, 
and Pincus, 629 


Douglas, J. F., and King, C. G. The 
metabolism of C!4-labeled p-glucuronic 
acid in the guinea pig and the albino 
rat, 889 

Drury, Douglas R., and Wick, Arne N. 
The effect of insulin on the metabolism 
of acetate by the extrahepatic tissues, 


411 
Dunn, Max S. See Schieler, McClure, 
and Dunn, 1039 


E 
Eiler, John J. See Lee and Liler, 


705, 719 

Eisenberg, Max A. The tricarboxylic 
acid cycle in Rhodospirillum rubrum, 
815 

Emanuel, C. F., and Chaikoff, I. L. The 
large scale preparation of sodium 
desoxyribonucleate from ripe salmon 


testes, 167 

Epstein, Phyllis R. See Goldzieher, 

Rawls, and Goldzieher, 519 
F 


Fabiani, Emma. See De Meio, Wizer- 
kaniuk, and Fabiani, 257 





Us 





AUTHORS 


Felts, J. M. See Osborn, Felts, and 


Chatkoff, 173 
Finch, Clement A. See Stevens, White, 
Hegsted, and Finch, 161 


FitzGerald, Patricia L. See Zamenhof, 
Leidy, FitzGerald, Alexander, and Char- 
gaff, 695 

Fodor, Paul J., Miller, Alexander, 
Neidle, Amos, and Waelsch, Heinrich. 
Enzymatic synthesis of glutathione by 
a transfer reaction, 991 

Forbes, R. M., Cooper, A. R., and Mit- 
chell, H. H. The composition of the 
adult human body as determined by 
chemical analysis, 359 

Foreman, Harry, Vier, Marion, and 
Magee, Marguerite. The metabolism 
of C'4-labeled ethylenediaminetetra- 


acetic acid in the rat, 1045 
Frajola, Walter J. See Rabatin, Fried- 
land, and Frajola, 23 


Freeman, Norman K., Lindgren, Frank 
T., Ng, Yook C., and Nichols, Alex V. 
Infra-red spectra of some lipoproteins 


and related lipides, 293 
Friedberg, Felix. See Leeper, Tulane, 
and Friedberg, 513 
Friedland, Roselyn. See Rabatin, Fried- 
land, and Frajola, 23 
Frisell, Wilhelm R. See Mackenzie, 
Johnston, and Frisell, 743 
Fu, Shou-Cheng J. See Birnbaum, Fu, 
and Greenstein, 333 
G 


Gersdorff, Charles E. F. See Horn, 
Blum, Gersdorff, and Warren, 907 
Geyer, R. P., Bowie, Ethel J., and Bates, 
Jacqueline C. Effect of pyruvate on 
octanoate metabolism as influenced by 
potassium and lithium, 625 
Gibson, David M., Davisson, Edwin O., 
Bachhawat, Bimal K., Ray, B. Roger, 
and Vestling, Carl S. Rat liver lactic 
dehydrogenase. I. Isolation and chem- 
ical properties of the crystalline en- 
zyme, 397 
Gilvarg, Charles. See Kaufman, Gil- 
varg, Cori, and Ochoa, 869 





1073 


Glick, John H., Jr. See Kinsella and 
Glick, 1003 
Godzesky, Carl. See Martin, Berky, 
Godzesky, Miller, Tome, and Stone, 
239 
Goldzieher, Joseph W., Rawls, William 
B., and Goldzieher, Max A. The up- 
take of sulfhydryl compounds by rat 
adrenal, liver, and muscle as measured 
by an improved amperometric tech- 


nique, 519 
Goldzieher, Max A. See Goldzieher, 
Rawls, and Goldzieher, 519 


Green, D. E. See Beinert, Green, Hele, 
Hift, Von Korff, and Ramakrishnan, 

35 

Greenstein, Jesse P. See Birnbaum, Fu, 

and Greenstein, 333 

—. See Rao, Birnbaum, and Greenstein, 

1 


H 


Hagerman, Dwain D., and Villee, Claude 
A. Effects of estradiol on the metabo- 
lism of human endometrium in vitro, 

425 

Haines, William J. See Colingsworth, 
Karnemaat, Hanson, Brunner, Mann, 
and Haines, 807 

Hanson, F.R. See Colingsworth, Karne- 
maat, Hanson, Brunner, Mann, and 
Haines, 807 

Harary, Isaac, Korey, Saul R., and 
Ochoa, Severo. Biosynthesis of di- 
carboxylic acids by carbon dioxide 
fixation. WII. Equilibrium of “malic” 


enzyme reaction, 595 
Harting, Jane. See Velick, Hayes, and 
Harting, 527 
Hayes, Joseph E., Jr. See Velick and 
Hayes, 545 
—. See Velick, Hayes, and Harting, 
527 
Hechter, Oscar. See Jeanloz, Levy, 


Jacobsen, Hechter, Schenker, and Pin- 
cus, 453 
—. See Levy, Jeanloz, Marshall, Jacob- 

sen, Hechter, Schenker, and Pincus, 
433 








1074 ' 


Hegsted, D. Mark. See Stevens, White, 


Hegsted, and Finch, 161 | 
Hele, P. See Beinert, Green, Hele, Hift, | 


Von Korff, and Ramakrishnan, 35 
Hift, Helen. See Beinert, Green, Hele, 
Hift, Von Korff, and Ramakrishnan, 

35 

See Hokin and Hokin, 
967 

Hokin, Mabel R., and Hokin, Lowell E. 
Enzyme secretion and the incorpora- 
tion of P%? into phospholipides of pan- 
creas slices, 967 
Holbrook, Altamae. See Drury and 
Wick, 411 
Horn, Millard J., Blum, Amos E., Gers- 
dorff, Charles E. F., and Warren, 
Helen W. Sources of error in micro- 
biological determinations of amino 
acids on acid hydrolysates. I. Effect 


Hokin, Lowell E. 


of humin on amino acid values, 907 
Hsu, Peng Tung. See Stekol, Hsu, 
Weiss, and Smith, 763 

I 


Idler, D. R., and Baumann, C. A. Skin 
sterols. III. Sterol structure and the 
Liebermann-Burchard reaction, 389 


J 
Jacobsen, Robert P. See Jeanloz, Levy, 
Jacobsen, Hechter, Schenker, and Pin- 
cus, 453 
—. See Levy, Jeanloz, Marshall, Jacob- 
sen, Hechter, Schenker, and Pincus, 





INDEX 


Johnson, Selma. See Jeanloz, Levy, 
Jacobsen, Hechter, Schenker, and Pin- 
cus, 453 

—. See Levy, Jeanloz, Marshall, Jacob- 
sen, Hechter, Schenker, and Pincus, 


433 
Johnston, John M. See Mackenzie, 
Johnston, and Frisell, 743 


K 


Karnemaat, J. N. See Colingsworth, 
Karnemaat, Hanson, Brunner, Mann, 
and Haines, 807 

Kaufman, Seymour, Gilvarg, Charles, 
Cori, Osvaldo, and Ochoa, Severo. 
Enzymatic oxidation of a-ketogluta- 
rate and coupled phosphorylation, 


869 
Kennedy, Jean. See Schayer, 787 
King, C. G. See Douglas and King, 

889 


Kinsella, Ralph A., Jr., and Glick, John 
H., Jr. Hydrolysis of conjugates of 
urinary corticoids with §-glucuroni- 


dase. I. Neutral reducing lipides, 
1003 
—. See Baggett, Kinsella, and Doisy, 
1013 


| Kita, D. A., and Peterson, W.H. Forms 


433 | 


Jeanloz, Roger W., Levy, Harold, Jacob- 
sen, Robert P., Hechter, Oscar, 
Schenker, Victor, and Pincus, Greg- 
ory. Chemical transformations of ster- 
oids by adrenal perfusion. 
Androstene-3, 17-dione, 453 

—. See Levy, Jeanloz, Marshall, Jacob- 
sen, Hechter, Schenker, and Pincus, 


433 

—. See Meyer, Jeanloz, and Pincus, 
463 
Jenkins, Robert J. See Shack, Jenkins, 
and Thompsett, 373 


ITT. A¢- | 





of phosphorus in the penicillin-pro- 
ducing mold Penicillium chrysogenum 
Q-176, 861 
Kleiber, Max, Black, Arthur L., Brown, 
Mary A., and Tolbert, Bert M. Pro- 
pionate as a precursor of milk con- 
stituents in the intact dairy cow, 
339 
Klein, Harold P., and Lipmann, Fritz. 
The relationship of coenzyme A to 
lipide synthesis. I. Experiments with 


yeast, 95 
— and —. II. Experiments with rat 
liver, 101 


Koch, Arthur L. Biochemical studies of 
virus reproduction. XI. Acid-soluble 


purine metabolism, 227 
Korey, Saul R. See Harary, Korey, and 
Ochoa, 595 


Kornberg, Arthur. See Stadtman and 
Kornberg, 47 





nN, 
07 


to 
th 
95 


01 
of 
le 
127 
nd 
195 
nd 
47 





AUTHORS 


Kratzer, F.H. The relation of vitamin 
Bi to the methylation of homocystine 
in poults, 367 


L 


Lamy, Francois, and Waugh, David F. 
Certain physical properties of bovine 
prothrombin, 489 

Lee, Kwan-Hua, and Eiler, John J. 
Studies in oxidative phosphorylation 
with radioactive phosphate. I. Ex- 
change of phosphate in an acceptor- 


free system, 705 
— and —. II. Mechanism of the 
phosphate exchange, 719 


Leeper, Lemuel C., Tulane, Victor J., 
and Friedberg, Felix. Metabolism of 
glycine-1-C'4 and glycine-2-C'4 in rat 
brain homogenates, 513 

Leidy, Grace. See Zamenhof, Leidy, 
FitzGerald, Alexander, and Chargaff, 

695 

Leloir, Luis F. See Cabib, Leloir, and 
Cardini, 1055 

Levy, Harold, Jeanloz, Roger W., Mar- 
shall, Charles W., Jacobsen, Robert 
P., Hechter, Oscar, Schenker, Victor, 
and Pincus, Gregory. Chemical 
transformations of steroids by adrenal 
perfusion. II. 11-Desoxycorticoster- 
one and 17-hydroxy-11-desoxycorti- 
costerone, 433 

—. See Jeanloz, Levy, Jacobsen, Hechter, 
Schenker, and Pincus, 453 

Li, Choh Hao, and Ash, Lucienne. The 
nitrogen terminal end-groups of hypo- 


physeal growth hormone, 419 
Lindgren, Frank T. See Freeman, Lind- 
gren, Ng, and Nichols, 293 
Lipmann, Fritz. See Kleinand Lipmann, 
95, 101 

Lipshitz, Rakoma. See Zamm, Shapiro, 
Lipshitz, and Chargaff, 673 
Lipton, Murray M. See 7'opper and Lip- 
ton, 135 
Ludowieg, Julio. See Roseman, Moses, 
Ludowieg, and Dorfman, 213 


Lynch, V. H. See Buchanan, Lynch, 
Benson, Bradley, and Calvin, 935 





1075 


M 


Mackenzie, Cosmo G., Johnston, John 
M., and Frisell, Wilhelm R. The iso- 
lation of formaldehyde from dimethyl- 
aminoethanol, dimethylglycine, sar- 


cosine, and methanol, 743 
Magee, Marguerite. See Foreman, Vier, 
and Magee, 1045 


Maloney, Paul J. See Levy, Jeanloz, 
Marshall, Jacobsen, Hechter, Schenker, 
and Pincus, 433 

Mann, Kingsley M. See Colingsworth, 
Karnemaat, Hanson, Brunner, Mann, 
and Haines, 807 

Marshall, Charles W. See Levy, Jeanloz, 
Marshall, Jacobsen, Hechter, Schenker, 
and Pincus, 433 

Martin, Esther, Berky, John, Godzesky, 
Carl, Miller, Philip, Tome, John, and 
Stone, R. W. Biosynthesis of penicil- 


lin in the presence of C', 239 
McClure, Lawrence E. See Schieler, Mc- 
Clure, and Dunn, 1039 


Meyer, André S. Chemical transforma- 
tions of steroids by adrenal perfusion. 
V. Blood incubations and perfusions 
with cortisone, 469 

—, Jeanloz, Roger W., and Pincus, Greg- 
ory. Chemical transformations of 
steroids by adrenal perfusion. IV. 
Dehydroepiandrosterone, 


463 
Miller, Alexander. See Fodor, Miller, 
Neidle, and Waelsch, 991 


Miller, Irving L., Tsuchida, M., and 
Adelberg, Edward A. The transami- 
nation of kynurenine, 205 

Miller, Philip. See Martin, Berky, 
Godzesky, Miller, Tome, and Stone, 

239 

Mitchell, H. H. See Forbes, Cooper, and 
Mitchell, 359 

Mortensen, R. A. The determination of 
glutathione in the presence of nitrite, 


855 

Moses, Frances E. See Roseman, Moses, 
Ludowieg, and Dorfman, 213 
Myers, Jack. See Walker and Myers, 
143 








1076 INDEX 


N 
Nakao, Akira. See Swick, Buchanan, and 
Nakao, 55 
Neidle, Amos. See Fodor, Miller, 
Neidle, and Waelsch, 991 
Ng, Yook C. See Freeman, Lindgren, 
Ng, and Nichols, 293 
Nichols, Alex V. See Freeman, Lind- 
gren, Ng, and Nichols, 293 


Novikoff, Alex B., Podber, Estelle, and 
Ryan, Jean. Phosphatases of rat 
liver. II. Adenosinetriphosphate de- 
phosphorylation in regenerating liver, 


665 

O 
Ochoa, Severo. See Harary, Korey, and 
Ochoa, 595 
—. See Kaufman, Gilvarg, Cori, and 
Ochoa, 869 


Osborn, M. J., Felts, J. M., and Chaikoff, 
I. L. Transitory increase in fat con- 
tent and size of liver induced by in- 
sulin in alloxan-diabetic rats, 173 


P 


Parks, Robert E., Jr., and Plaut, G. W. E. 
A manometric assay for chymotrypsin, 
755 

Pearlman, W. H., and Cerceo, Emily. 
The estimation of saturated and a,f- 
unsaturated ketonic compounds in 


placental extracts, 127 
Peterson, W.H. See Kita and Peterson, 
861 


Pincus, Gregory. See Jeanloz, Levy, 
Jacobsen, Hechter, Schenker, and 
Pincus, 453 

—. See Levy, Jeanloz, Marshall, Jacob- 
sen, Hechter, Schenker, and Pincus, 

433 

—. See Meyer, Jeanloz, and Pincus, 

463 
—. See Rubin, Dorfman, and Pincus, 
629 
Plaut, G. W. E. See Parks and Plaut, 
755 





Podber, Estelle. See Novikoff, Podber, 


and Ryan, 665 
Posner, Irene. See Roberts, Ayengar, 
and Posner, 195 


Putnam, Frank W., and Stelos, Peter. 
Proteins in multiple myeloma. II. 
Bence-Jones proteins, 347 


R 


Rabatin, Jacob G., Friedland, Roselyn, 
and Frajola, Walter J. The deter- 
mination of desoxyribonuclease ac- 
tivity with the optical ultracentrifuge, 


23 

Ramakrishnan, C. V. See Beinert, 
Green, Hele, Hift, Von Korff, and Ram- 
akrishnan, 35 


Rao, Krishnarau R., Birnbaum, Sanford 
M., and Greenstein, Jesse P. En- 
zymatic susceptibility of comparable 
N-acylated L-, p-, and dehydroamino 
acids, 1 

Rawls, William B. See Goldzieher, 
Rawls, and Goldzieher, 519 

Ray, B. Roger. See Gibson, Davisson, 
Bachhawat, Ray, and Vestling, 397 

Richert, Dan A., and Westerfeld, W. W. 
Isolation and identification of the xan- 
thine oxidase factor as molybdenum, 

915 


Rittenberg, Sydney C. See Sloinick, 


Visser, and Rittenberg, 647 
Roberts, Eugene, Ayengar, Padmasini, 
and Posner, Irene. Transamination 
of y-aminobutyric acid and £-alanine 


in microorganisms, 195 
Robinson, Margaret I. See Juba and 
Robinson, 947 


Rodgers, Orville G. See Jeanloz, Levy, 
Jacobsen, Hechter, Schenker, and 
Pincus, 453 

—. See Levy, Jeanloz, Marshall, Jacob- 
sen, Hechter, Schenker, and Pincus, 

433 

Roseman, Saul, Moses, Frances E., 
Ludowieg, Julio, and Dorfman, Al- 
bert. The biosynthesis of hyaluronic 
acid by group A streptococcus. I. 
Utilization of 1-C!4-glucose, 213 





Si 





AUTHORS 1077 


Rubin, Betty L., Dorfman, Ralph I., and 
Pincus, Gregory. A method for the 
quantitative analysis of 17-ketosteroid 


mixtures, 629 
Russell, Percy J., Jr. See Bendich, Rus- 
sell, and Brown, 305 


Rutenburg, Selma H., and Seligman, 
Arnold M. Colorimetric estimation of 
6-p-glucuronidase activity with 8-ben- 
zoylamino-2-naphthyl 8-p-glucuron- 


ide, 731 

Ryan, Jean. See Novikoff, Podber, and 

Ryan, 665 
Ss 


Schachter, David, and Taggart, John V. 
Benzoyl coenzyme A and hippurate 
synthesis, 925 

Schayer, Richard W. Studies on his- 
tamine-metabolizing enzymes in intact 
animals, 787 

Schenker, Victor. See Jeanloz, Levy, 
Jacobsen, Hechter, Schenker, and 
Pincus, 453 

—. See Levy, Jeanloz, Marshall, Jacob- 
sen, Hechter, Schenker, and Pincus, 

433 

Schieler, Leroy, McClure, Lawrence E., 
and Dunn, Max S. The biosynthesis 
of C'4-amino acids with Chlorella, 

1039 

Schmidt, Gerhard, Bessman, Maurice 
J., and Thannhauser, S. J. The hy- 
drolysis of 1-a-glycerylphosphoryl- 


ethanolamine, 849 
Schnell, Gene W. See Slein and Schnell, 
837 


Scully, Ella. See Jeanloz, Levy, Jacob- 
sen, Hechter, Schenker, and Pincus, 

453 

—. See Levy, Jeanloz, Marshall, Jacob- 
sen, Hechter, Schenker, and Pincus, 


433 
Seligman, Arnold M. See Rutenburg and 
Seligman, 731 


Shack, Joseph, Jenkins, Robert J., and 
Thompsett, Jacqueline M. The inter- 
action of ions and desoxypentose nu- 
cleic acid of calf thymus, 373 





Shapiro, D. M. See Dietrich and 
Shapiro, 89 
Shapiro, Herman S. See Tamm, 


Shapiro, Lipshitz, and Chargaff, 
673 
Shaw, Elliott, and Woolley, D. W. 
Yohimbine and ergot alkaloids as 
naturally occurring antimetabolites of 


serotonin, 979 
—. See Woolley and Shaw, 69 
Sheppard, H. See Tomkins, Sheppard, 

and Chatkoff, 781 


Slein, Milton W., and Schnell, Gene W. 
The polysaccharide of Shigella flexneri, 
type 3, 837 

Slotnick, Irving J., Visser, Donald W., 
and Rittenberg, Sydney C. Growth 
inhibition of purine-requiring mutants 
of Escherichia coli by 5-hydroxyuridine, 

647 

Smiley, Rosa L. See Schayer, 787 

Smith, Clement A. See Allen, Wyman, 


and Smith, 81 

Smith, Phyllis. See Stekol, Hsu, Weiss, 

and Smith. 763 
Sols, Alberto. See Crane and Sols, 

273 

Sprinson, David B. See Weissbach and 

Sprinson, 1023, 1031 


Sreenivasan, A. See Williams and Sreen- 
ivasan, 109, 605, 613, 899 
Stadtman, E.R. The coenzyme A trans- 
phorase system in Clostridium kluyveri, 
501 

— and Kornberg, Arthur. The purifi- 
cation of coenzyme A by ion exchange 


chromatography, 47 
Stahmann, Mark A. See Wetlaufer and 
Stahmann, 117 


Stekol, Jakob A., Hsu, Peng Tung, 
Weiss, Sidney, and Smith, Phyllis. 
Labile methyl group and its synthesis 
de novo in relation to growth in chicks, 

763 

Stelos, Peter. See Putnam and Stelos, 

347 

Stern, Kurt G., and Atlas, Sheldon M. 
Ultracentrifuge studies on desoxyri- 
bose nucleinate preparations, 

795 








1078 


Stetten, DeWitt, Jr. See Wyngaarden 
and Stetten, 9 
Stetten, Marjorie R., and Topper, Yale 
J. Pathways from gluconic acid to 
glucose in vivo, 653 
Stevens, Alexander R., Jr., White, Philip 
L., Hegsted, D. Mark, and Finch, 
Clement A. Iron excretion in the 
mouse, 161 
Stone, R. W. See Martin, Berky, Godze- 
sky, Miller, Tome, and Stone, 289 
—. See Tome, Zook, Wagner, and Stone, 
251 

See Drury and Wick, 
411 
Strength, D. R., Christensen, J. R., and 
Daniel, Louise J. The requirement of 
diphosphopyridine nucleotide for cho- 
line dehydrogenase activity, 63 
Swick, Robert W., Buchanan, Donald L., 
and Nakao, Akira. The normal con- 
tent of fixed carbon in amino acids, 


Stortz, Caryl. 


55 

T 
Taggart, John V. See Schachter and Tag- 
gart, 925 


Tamm, Christoph, and Chargaff, Erwin. 
Physical and chemical properties of 
the apurinic acid of calf thymus, 

689 

—, Shapiro, Herman S., Lipshitz, 
Rakema, and Chargaff, Erwin. Dis- 
tribution density of nucleotides within 


a desoxyribonucleic acid chain, 673 
Thannhauser, S. J. See Schmidt, Bess- 
man, and Thannhauser, 849 
Thompsett, Jacqueline M. See Shack, 
Jenkins, and Thompsett, 373 
Tolbert, Bert M. See Kleiber, Black, 
Brown, and Tolbert, 339 


Tome, John, Zook, H. D., Wagner, R. 
B., and Stone, R. W. Degradation 


of radioactive penicillin G, 251 
—. See Martin, Berky, Godzesky, Miller, 
Tome, and Stone, 239 


Tomkins, G. M., Sheppard, H., and 
Chaikoff, I. L. Cholesterol synthesis 
by liver. IV. Suppression by steroid 
administration, 781 





INDEX 


Topper, Yale J., and Lipton, Murray M. 
The biosynthesis of a streptococcal 


capsular polysaccharide, 135 
—. See Stetten and Topper, 653 
Tsuchida, M. See Miller, Tsuchida, and 

Adelberg, 205 


Tuba, Jules, and Robinson, Margaret I. 
The response of intestinal alkaline 
phosphatase of fasted rats to forced 


feeding of fat, 947 

Tulane, Victor J. See Leeper, Tulane, 

and Friedberg, 513 
U 

Udenfriend, Sidney, and Bessman, 


Samuel P. The hydroxylation of 
phenylalanine and antipyrine in phen- 
ylpyruvic oligophrenia, 961 
— and Cooper, Jack R. Assay of L- 
phenylalanine as phenylethylamine 
after enzymatic decarboxylation; ap- 
plication to isotopic studies, 953 
—. See Velick and Udenfriend, 575 


Vv 


Velick, Sidney F. Coenzyme binding 
and the thiol groups of glyceralde- 
hyde-3-phosphate dehydrogenase, 

563 

— and Hayes, Joseph E., Jr. Phos- 
phate binding and the glyceraldehyde- 
3-phosphate dehydrogenase reaction, 

545 

—,—, and Harting, Jane. The binding 
of diphosphopyridine nucleotide by 
glyceraldehyde-3-phosphate dehydro- 
genase, 527 

— and Udenfriend, Sidney. The com- 
position and amino acid end-groups of 
glyceraldehyde-3-phosphate dehydro- 


genases, 575 
Vestling, Carl S. See Gibson, Davisson, 
Bachhawat, Ray, and Vestling, 397 


Vier, Marion. See Foreman, Vier, and 
Magee, 1045 
Villee, Claude A. See Hagerman and 
Villee, 425 
Visser, Donald W. See Slotnick, Visser, 
and Rittenberg, 647 











V 


ad 


45 








AUTHORS 1079 


Volkin, Elliot. See Cohn and Volkin, 
319 

Von Korff, R. W. The effects of alkali 
metal ions on the acetate activating 


enzyme system, 265 
—. See Beinert, Green, Hele, Hift, Von 
Korff, and Ramakrishnan, 35 
W 
Waelsch, Heinrich. See Fodor, Miller, 
Neidle, and Waelsch, 991 
Wagner, R.B. See Tome, Zook, Wagner, 
and Stone, 251 


Walker, James B., and Myers, Jack. 
The formation of arginosuccinic acid 
from arginine and fumarate, 143 


Warren, Helen W. See Horn, Blum, 


Gersdorff, and Warren, 907 
Washburn, Irving E. See Jeanloz, Levy, 
Jacobsen, Hechter, Schenker, and 
Pincus, 453 


—. See Levy, Jeanloz, Marshall, Jacob- 
sen, Hechter, Schenker, and Pincus, 


433 

Waugh, David F. See Lamy and Waugh, 
489 

Weiss, Sidney. See Stekol, Hsu, Weiss, 
and Smith, 763 


Weissbach, Arthur, and Sprinson, David 
B. The metabolism of 2-carbon com- 
pounds related to glycine. I. Gly- 


oxylic acid, 1023 
—and—. II. Ethanolamine, 1031 
Westerfeld, W. W. See  Richert 

and Westerfeld, 915 


Wetlaufer, Donald B., and Stahmann, 
Mark A.. The interaction of methyl 
orange anions with lysine polypep- 
tides, 

White, Philip L. See Stevens, White, 
Hegsted, and Finch, 161 





Wick, Arne N. See Drury and Wick, 
411 
Williams, J. N., Jr., and Sreenivasan, A. 
Further studies on the cofactors of 
the liver tyrosine oxidase system, 


— and —. Preparation of soluble cho- 
line dehydrogenase from liver mito- 
chondria, 899 

—and—. The stability and activation 
of the liver tyrosine oxidase system, 

613 

— and —. A study of the cofactors 
required by the tyrosine oxidase sys- 
tem of liver, 109 

Williams, William J., and Buchanan, 
John M. Biosynthesis of the purines. 
V. Conversion of hypoxanthine to ino- 
sinic acid by liver enzymes, 583 


Wingo, William J. See Awapara and 


Wingo, 189 
Wizerkaniuk, Martha. See De Meio, 
Wizerkaniuk, and Fabiani, 257 
Woolley, D. W., and Shaw, Elliott. 
Antimetabolites of serotonin, 69 
—. See Shaw and Woolley, 979 
Wyman, Jeffries, Jr. See Allen, Wyman, 
and Smith, 81 


Wyngaarden, James B., and Stetten, 
DeWitt, Jr. Uricolysis in normal man, 
9 


Z 


Zamenhof, Stephen, Leidy, Grace, Fitz- 
Gerald, Patricia L., Alexander, Hattie 
E., and Chargaff, Erwin. Polyribo- 
phosphate, the type-specific substance 
of Hemophilus influenzae, type b, 


695 
Zook, H. D. See Tome, Zook, Wagner, 
and Stone, 251 























INDEX TO SUBJECTS 


A 

Acetate: Activating enzyme, heart, Bei- 
nert, Green, Hele, Hift, Von Korff, 
and Ramakrishnan, 35 

— — system, alkali metal ions, effect, 
Von Korff, 265 
Metabolism, insulin effect, Drury and 
Wick, 411 
Acetic acid: Ethylenediaminetetra-. 
See Ethylenediaminetetraacetic acid 


Acetylglucosamine: Uridine  diphos- 
phate, Cabib, Leloir, and Cardini, 
1055 


Acetylpyridine: 3-, metabolism, Beher 
and Anthony, 895 
Adenosinetriphosphate : Dephosphoryla- 
tion, liver, Novikoff, Podber, and 
Ryan, 665 
Phenyl sulfate synthesis, enzymatic, 
role, De Meio, Wizerkaniuk, and Fa- 
biant, 257 
Adrenal(s): Perfusion, A‘-androstene-3, - 
17-dione, effect, Jeanloz, Levy, Jacob- 
sen, Hechter, Schenker, and Pincus, 
453 

—, blood cortisone, effect, Meyer, 
469 
—, dehydroepiandrosterone, effect, 
Meyer, Jeanloz, and Pincus, 463 
—, 11-desoxycorticosterone, effect, 
Levy, Jeanloz, Marshall, Jacobsen, 

Hechter, Schenker, and Pincus, 
433 
—, 17-hydroxy-11-desoxycorticoster- 
one, effect, Levy, Jeanloz, Marshall, 
Jacobsen, Hechter, Schenker, and 
Pincus, 433 
—, steroid transformation, chemical, 
use, Levy, Jeanloz, Marshall, Jacob- 
sen, Hechter, Schenker, and Pincus, 


433 
Jeanloz, Levy, Jacobsen, Hechter, 
Schenker, and Pincus, 453 
Meyer, Jeanloz, and Pincus, 463 
Meyer, 469 


Sulfhydryl compounds, uptake, Gold- 
zieher, Rawls, and Goldzieher, 519 





Alanine : 8-, transamination, microorgan- 
isms, Roberts, Ayengar, and Posner, 

195 

Alkaloid(s): Ergot, serotonin antimetab- 
olite, Shaw and Woolley, 979 
Alloxan: Diabetes, liver fat and size, in- 
sulin effect, Osborn, Felts, and Chai- 
kof, 173 
Amino acid(s): Acid hydrolysates, de- 
termination, microbiological, Horn, 
Blum, Gersdorff, and Warren, 907 

— —, —, —, humin effect, Horn, 
Blum, Gersdorff, and Warren, 


907 
Carbon, fixed, Swick, Buchanan, and 
Nakao, 55 


— 14-labeled, biosynthesis, Chlorella 
use, Schieler, McClure, and Dunn, 


1039 
p-, N-acylated, enzyme effect, Rao, 
Birnbaum, and Greenstein, 1 


Dehydro-. See Dehydroamino acid 
Glyceraldehyde-3-phosphate dehydro- 
genase, Velick and Udenfriend, 


575 
L-, N-acylated, enzyme effect, Rao, 
Birnbaum, and Greenstein, 1 


Aminobutyric acid: y-, transamination, 
microorganisms, foberts, Ayengar, 
and Posner, 195 

Aminoethanesulfinic acid: 2-, cysteine 
oxidation intermediate, Awapara, 

183 

Androstene-3 ,17-dione : A‘-, adrenal per- 
fusion effect, Jeanloz, Levy, Jacob- 
sen, Hechter, Schenker, and Pincus, 

453 

Androsterone: Dehydroepi-. See Dehy- 
droepiandrosterone 

Antimetabolite(s): Beher and Anthony, 

895 
Serotonin, Woolley and Shaw, 69 

Antipyrine : Phenylpyruvic oligophrenia, 
hydroxylation, Udenfriend and Bess- 
man, 961 

Apurinic acid: Thymus, properties, 
Tamm and Chargaff, 689 


1081 
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Arginine: Argininosuccinic acid forma- 
tion from, Walker and Myers, 143 
Argininosuccinic acid: Formation from 
arginine and fumarate, Walker and 
Myers, 143 


B 


Bacteria: See also Clostridium, Escher- 
ichia, Hemophilus, Mycobacterium, 
Rhodospirillum, Shigella, Streptococ- 
cus 

Benzoic acid(s): Substituted, Mycobac- 
terium, enzyme formation, effect, 
Bernheim, 775 

Benzoylamino-2-naphthyl 8-p-glucuron- 
ide: 8-, 8-p-glucuronidase determi- 
nation, colorimetric, use in, Ruten- 
burg and Seligman, 731 

Benzoyl coenzyme A: Hippurate synthe- 
sis, relation, Schachter and Taggart, 


925 

Blood: Cortisone, adrenal perfusion ef- 
fect, Meyer, 469 

—, incubation effect, Meyer, 469 
Body: Composition, Forbes, Cooper, and 
Mitchell, 359 


Brain: Glycine, carbon 14-labeled, me- 
tabolism, Leeper, Tulane, and Fried- 
berg, 513 

Hexokinase, Crane and Sols, 273 

Butyric acid: y-Amino-. See Amino- 

butyric acid 


Cc 


Caprylic acid: a-Amino derivatives, res- 
olution, Birnbaum, Fu, and Green- 


stein, 333 
Carbon: Fixed, amino acids, Swick, Bu- 
chanan, and Nakao, 55 


Photosynthesis, path, Buchanan, 
Lynch, Benson, Bradley, and Calvin, 
935 

Carbon dioxide: Fixation, dicarboxylic 
acid biosynthesis, Harary, Korey, and 
Ochoa, 595 
Chlorella: Amino acids, carbon 14-la- 
beled, biosynthesis, Schieler, Mc- 
Clure, and Dunn, 1039 





Cholesterol: Liver, synthesis, 7’omkins, 

Sheppard, and Chaikoff, 781 

—, —, steroid administration effect, 
Tomkins, Sheppard, and Chaikoff, 

781 

Choline dehydrogenase: Diphosphopy- 

ridine nucleotide effect, Strength, 

Christensen, and Daniel, 63 

Soluble, liver mitochondria, prepara- 

tion, Williams and Sreenivasan, 


899 

Chymotrypsin: Determination, mano- 
metric, Parks and Plaut, 755 
Clostridium kluyveri: Coenzyme A trans- 
phorase system, Stadtman, 501 


Coenzyme(s): A, benzoyl. See Benzoy! 
coenzyme A 
—, lipide synthesis, liver relation, 


Klein and Lipmann, 101 
—,— —, relation, Klein and Lipmann, 
95, 101 

—, — —, yeast relation, Klein and 
Lipmann, 95 


—, purification, ion exchange chro- 
matography, Stadtman and Kornberg, 
47 
— transphorase. See Coenzyme A 
transphorase 
Binding, glyceraldehyde-3-phosphate 
dehydrogenase thiol groups and, 
Velick, 563 
Nucleotide, photosynthesis, Buchanan, 
Lynch, Benson, Bradley, and Calvin, 


935 
Coenzyme A transphorase : System, Clos- 
tridium kluyvert, Stadtman, 501 


Corticoid(s): Urine, conjugates, hydrol- 
ysis with 8-glucuronidase, Kinsella 
and Glick, 1003 
Baggett, Kinsella, and Doisy, 1013 

Corticosterone: 11-Desoxy-. See Des- 
oxycorticosterone 

17-Hydroxy-11-desoxy-. See Hy- 
droxy-11-desoxycorticosterone 

Cortisone: Blood, adrenal perfusion ef- 
fect, Meyer, 469 

— incubation, effect, Meyer, 469 

Hydro-. See Hydrocortisone 

Tetrahydro-. See Tetrahydrocorti- 
sone 











D 


9 


ori: 


59 
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Cysteine: Oxidation intermediate, 2- 

aminoethanesulfinic acid, Awapara, 

183 

Taurine formation from, in vivo, mech- 

anism, Awapara and Wingo, 189 
Cystine: Homo-. See Homocystine 


D 


Decylic acid: a-Amino derivatives, res- 
olution, Birnbaum, Fu, and Green- 
stein, 333 

Dehydroamino acid(s): N-Acylated, en- 
zyme effect, Rao, Birnbaum, and 
Greenstein, 1 

Dehydroepiandrosterone: Adrenal per- 
fusion, effect, Meyer, Jeanloz, and 
Pincus, 463 

Dehydrogenase: Choline. See Choline 
dehydrogenase 

Glyceraldehyde-3-phosphate. See 
Glyceraldehyde-3-phosphate dehy- 
drogenase 

Glycerol. See Glycerol dehydrogenase 

Lactic. See Lactic dehydrogenase 

Desoxycorticosterone: 11-, adrenal per- 
fusion effect, Levy, Jeanloz, Marshall, 
Jacobsen, Hechter, Schenker, and Pin- 
cus, 433 

Desoxypentose nucleic acid: Thymus, 
ions and, interaction, Shack, Jenkins, 
and Thompsett, 373 

Desoxyribonuclease : Determination, op- 
tical ultracentrifugation, Rabatin, 
Friedland, and Frajola, 23 

Desoxyribonucleic acid(s): Heterogene- 
ity, Bendich, Russell, and Brown, 


305 

Nucleotide distribution, density, 
Tamm, Shapiro, Lipshitz, and Char- 
gaff, 673 


Desoxyribose nucleinate: Ultracentri- 
fuge studies, Stern and Atlas, 

795 

Diabetes: Alloxan, liver fat and size, 

insulin effect, Osborn, Felts, and Chai- 

kof, 173 

Dicarboxylic acid(s): Biosynthesis, car- 

bon dioxide fixation, Harary, Korey, 

and Ochoa, 595 





Diesterase: Snake venom, ribonucleic 
acid degradation, Cohn and Volkin, 
319 
Dimethylaminoethanol: Formaldehyde 
isolation, Mackenzie, Johnston, and 
Frisell, 743 
Dimethylglycine: Formaldehyde isola- 
tion, Mackenzie, Johnston, and Fri- 
sell, 743 
Diphosphopyridine nucleotide: Choline 
dehydrogenase, effect, Strength, 
Christensen, and Daniel, 63 
Glyceraldehyde-3-phosphate dehydro- 
genase binding, Velick, Hayes, and 
Harting, 527 


E 


Endometrium: See Uterus 
Enzyme(s): Acetate activating, heart, 
Beinert, Green, Hele, Hift, Von Korff, 


and Ramakrishnan, 35 
— —, system, alkali metal ions, effect, 
Von Korff, 265 
p-Amino acids, N-acylated, effect, Rao, 
Birnbaum, and Greenstein, 1 
L-Amino acids, N-acylated, effect, Rao, 
Birnbaum, and Greenstein, 1 


Co-. See Coenzyme 
Dehydroamino acids, N-acylated, ef- 
fect, Rao, Birnbaum, and Greenstein, 
1 
Glutathione synthesis, transfer reac- 
tion, Fodor, Miller, Neidle, and 
Waelsch, 991 
Histamine-metabolizing, Schayer, 
787 
a-Ketoglutarate oxidation, phosphory- 
lation, coupled, relation, Kaufman, 
Gilvarg, Cori, and Ochoa, 869 
Liver, hypoxanthine conversion to in- 
osinic acid, Williams and Buchanan, 
583 
Malic. See Malic enzyme 
Mycobacterium, formation, substituted 
benzoic acids, effect, Bernheim, 
775 
Pheny] sulfate synthesis, adenosinetri- 
phosphate réle, De Meio, Wizer- 
kaniuk, and Fabiani, 257 
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Enzyme(s)—continued: 

Secretion, pancreas phospholipides, 
phosphorus 32 incorporation, rela- 
tion, Hokin and Hokin, 967 

Ergot: Alkaloids, serotonin antimetab- 
olite, Shaw and Woolley, 979 
Escherichia coli: Glycerol dehydrogen- 
ase, Asnis and Brodie, 153 

Purine-requiring mutants, growth, 5- 
hydroxyuridine effect, Slotnick, Vis- 
ser, and Rittenberg, 647 

Estradiol: Endometrium metabolism in 
vitro, effect, Hagerman and Villee, 
425 
Ethanol: Dimethylamino-. See Dimeth- 
ylaminoethanol 
Ethanolamine: L-a-Glycerylphosphoryl-. 


See Glycerylphosphorylethanol- 
amine 
Metabolism, Weissbach and Sprinson, 


1031 

Ethylenediaminetetraacetic acid: Car- 
bon 14-labeled, metabolism, Fore- 
man, Vier, and Magee, 1045 


F 
Fasting: Phosphatase, alkaline, intes- 
tine, effect, Tuba and Robinson, 
947 
Fat(s): Liver, alloxan diabetes, insulin 
effect, Osborn, Felts, and Chaikoff, 
173 
Phosphatase, alkaline, intestine, ef- 
fect, Tuba and Robinson, 947 
Fetus : Hemoglobin, oxygen equilibrium, 
Allen, Wyman, and Smith, 81 
Formaldehyde: Dimethylaminoethanol, 
isolation from, Mackenzie, Johnston, 
and Frisell, 743 
Dimethylglycine, isolation from, Mac- 
kenzie, Johnston, and Frisell, 
743 
Methanol, isolation from, Mackenzie, 
Johnston, and Frisell, 743 
Sarcosine, isolation from, Mackenzie, 
Johnston, and Frisell, 743 
Fumarate: Argininosuccinie acid forma- 
tion from, Walker and Myers, 
143 





INDEX 


G 


Gluconic acid: Glucose from, in vivo, 
Stetten and Topper, 653 
Glucosamine: Acetyl-. See Acetylglu- 
cosamine 
Glucose: 1-C"-, hyaluronic acid biosyn- 
thesis by streptococcus group A, 
utilization, Roseman, Moses, Ludo- 
wieg, and Dorfman, 213 
Gluconic acid conversion to, in vivo, 
Stetten and Topper, 653 
Glucuronic acid: p-, carbon 14-labeled, 
metabolism, Douglas and King, 
889 
Glucuronidase: 6-, urine corticoid con- 
jugates, hydrolysis, Kinsella and 
Glick, 1003 
Baggett, Kinsella, and Doisy, 1013 
—,— neutral reducing lipides, hydrol- 
ysis, Kinsella and Glick, 1003 
B-p-, determination, colorimetric, 8- 
benzoylamino-2-naphthyl -p-glu- 
curonide use, Rutenburg and Selig- 


man, 731 
Glucuronide: 8-p-, 8-benzoylamino-2- 
naphthyl. See Benzoylamino-2- 


naphthyl £-p-glucuronide 
Glutarate: a-Keto-. See Ketoglutarate 
Glutathione: Determination, nitrite 
presence, Mortensen, 855 
Synthesis, enzymatic, transfer reac- 


tion, Fodor, Miller, Neidle, and 
Waelsch, 991 
Glyceraldehyde-3-phosphate : Phos- 


phate binding and, Velick and Hayes, 

545 

Glyceraldehyde-3-phosphate dehydro- 
genase: Amino acid end-groups, Ve- 

lick and Udenfriend, 575 
Diphosphopyridine nucleotide binding, 
Velick, Hayes, and Harting, 527 
Thiol groups, coenzyme binding and, 


Velick, 563 
Glycerol dehydrogenase: Escherichia 
coli, Asnis and Brodie, 153 


Glycerylphosphorylethanolamine: L-a-, 
hydrolysis, Schmidt, Bessman, and 
Thannhauser, 849 
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Glycine: Carbon 14-labeled, metabolism, 
brain, Leeper, Tulane, and Friedberg, 
513 
Dimethyl-. See Dimethylglycine 
-Related 2-carbon compounds, metab- 
olism, Weissbach and Sprinson, 


1023, 1031 

Glyoxylic acid: Metabolism, Weissbach 
and Sprinson, 1023 
Growth: Hormone, pituitary, nitrogen 
end-groups, Li and Ash, 419 
Methyl group, labile, relation, Stekol, 
Hsu, Weiss, and Smith, 763 


Guanase: Pteridine compounds, effect 
in vitro, Dietrich and Shapiro, 89 


H 


Heart: Acetate activating enzyme, Bei- 
nert, Green, Hele, Hift, Von Korff, 
and Ramakrishnan, 35 

Hemoglobin: Oxygen equilibrium, fetal 
and adult, Allen, Wyman, and Smith, 

81 

Hemophilus influenzae: Polyribophos- 
phate, Zamenhof, Leidy, FitzGerald, 
Alexander, and Chargaff, 695 

Heptylic acid: a-Amino derivatives, res- 
olution, Birnbawm, Fu, and Green- 


stein, 333 
Hexokinase: Brain, Crane and Sols, 

273 

Tissue, Crane and Sols, 273 


Hippurate: Synthesis, benzoyl coenzyme 
A, relation, Schachter and Taggart, 
925 
Histamine:  -Metabolizing enzymes, 
Schayer, 787 
Homocystine : Methylation, poults, vita- 
min By relation, Kratzer, 367 
Humin: Amino acid, acid hydrolysates, 
determination, microbiological, ef- 
fect, Horn, Blum, Gersdorff, and 
Warren, 907 
Hyaluronic acid: Biosynthesis, strepto- 
coccus group A, Roseman, Moses, 
Ludowieg, and Dorfman, 213 
—, — — —, glucose-1-C" utilization, 
Roseman, Moses, Ludowieg, and Dorf- 
man, 213 





Hydrocortisone: Synthesis, microbio- 
logical, Colingsworth, Karnemaat, 
Hanson, Brunner, Mann, and Haines, 

807 

Hydroxy-11-desoxycorticosterone: 17-, 
adrenal perfusion effect, Levy, Jean- 
loz, Marshall, Jacobsen, Hechter, 
Schenker, and Pincus, 433 

Hydroxyuridine: 5-, purine-requiring 
Escherichia coli mutants, growth, 
effect, Slotnick, Visser, and Ritten- 
berg, 647 

Hypophysis: See Pituitary 

Hypoxanthine: Inosinic acid from, liver 
enzymes, Williams and Buchanan, 

583 


I 


Inosinic acid: Hypoxanthine conversion 
to, liver enzymes, Williams and 


Buchanan, 583 
Insulin: Acetate metabolism, effect, 
Drury and Wick, 411 


Liver fat and size, alloxan diabetes, 
effect, Osborn, Felts, and Chaikoff, 

173 

Intestine: Phosphatase, alkaline, fast- 

ing and fat feeding, effect, Tuba and 


Robinson, 947 
Iron: Excretion, mouse, Stevens, White, 
Hegsted, and Finch, 161 

K 


Ketoglutarate: a-, enzymatic oxidation, 
phosphorylation, coupled, relation, 
Kaufman, Gilvarg, Cori, and Ochoa, 

869 

Ketonic compound(s): Saturated and a, - 
B-unsaturated, placenta, determina- 
tion, Pearlman and Cerceo, 127 

Ketosteroid: 17-, mixtures, determina- 
tion, Rubin, Dorfman, and Pincus, 


629 
Kynurenine: Transamination, Miller, 
Tsuchida, and Adelberg, 205 


L 
Lactic dehydrogenase: Liver, Gibson, 
Davisson, Bachhawat, Ray, and Vest- 
ling, 397 
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Lactic dehydrogenase—continued: 
Liver, crystalline, isolation and prop- 
erties, Gibson, Davisson, Bachhawat, 
Ray, and Vestling, 397 
Lipide(s): Lipoprotein-related, absorp- 
tion spectra, infra-red, Freeman, 
Lindgren, Ng, and Nichols, 
293 
Neutral reducing, urine, hydrolysis 
with 8-glucuronidase, Kinsella and 
Glick, 1003 
Synthesis, coenzyme A effect, liver re- 
lation, Klein and Lipmann, 


101 

—,— — —, yeast relation, Klein and 
Lipmann, 95 
—, — — relation, Klein and Lipmann, 
95, 101 


Lipoprotein(s): Absorption spectra, in- 
fra-red, Freeman, Lindgren, Ng, and 
Nichols, . 293 

-Related lipides, absorption spectra, 
infra-red, Freeman, Lindgren, Ng, 
and Nichols, 293 

Lithium: Octanoate metabolism, pyru- 
vate and, effect, Geyer, Bowie, and 
Bates, 625 

Liver: Adenosinetriphosphate dephos- 
phorylation, Novikoff, Podber, and 
Ryan, 665 

Cholesterol synthesis, Tomkins, Shep- 
pard, and Chaikoff, 781 
— —, steroid administration effect, 
Tomkins, Sheppard, and Chaikoff, 
781 
Coenzyme A and lipide synthesis, rela- 
tion, Klein and Lipmann, 101 
Enzymes, hypoxanthine conversion to 
inosinic acid, Williams and Buchanan, 
583 
Fat, alloxan diabetes, insulin effect, 
Osborn, Felts, and Chaikoff, 173 
Lactic dehydrogenase, Gibson, Davis- 
son, Bachhawat, Ray, and Vestling, 
397 
——., crystalline, isolation and proper- 
ties, Gibson, Davisson, Bachhawat, 
Ray, and Vestling, 397 
Mitochondria, choline dehydrogenase, 
soluble, preparation, Williams and 
Sreenivasan, 899 








INDEX 


Liver—continued: 
Phosphatases, Novikoff, Podber, and 
Ryan, 665 
Size, alloxan diabetes, insulin effect, 
Osborn, Felts, and Chaikoff, 173 
Sulfhydryl compounds, uptake, Gold- 
zteher, Rawls, and Goldzieher, 519 
Tyrosine oxidase system, Williams and 
Sreenivasan, 613 
———, cofactors, Williams and Sreeni- 
vasan, 605 
— — —, — required, Williams and 
Sreenivasan, 109 
Lysine: Polypeptides, methyl orange 
anions, interaction, Wetlaufer and 
Stahmann, 117 


M 


Malic enzyme: Reaction, equilibrium, 
Harary, Korey, and Ochoa, 595 
Metal ion(s): Alkali, acetate activating 
enzyme system, effect, Von Korff, 
265 
Methanol: Formaldehyde isolation, Mac- 
kenzie, Johnston, and Frisell, 743 
Methyl group: Labile, synthesis de novo, 
growth, relation, Stekol, Hsu, Weiss, 
and Smith, 763 
Methyl orange: Anions, lysine polypep- 
tides, interaction, Wetlaufer and 
Stahmann, 117 
Microorganism(s): y-Aminobutyric acid 
and #-alanine transamination, Rob- 
erts, Ayengar, and Posner, 195 
Milk: Constituents, propionate as pre- 
cursor, Kleiber, Black, Brown, and 
Tolbert, 339 
Mitochondrium: Liver, choline dehydro- 
genase, soluble, preparation, Wil- 
liams and Sreenivasan, 899 
Mold: See also Penicillium 
Molybdenum: Xanthine oxidase factor, 
relation, Richert and Westerfeld, 
915 
Mouse: Iron excretion, Stevens, White, 
Hegsted, and Finch, 161 
Muscle: Sulfhydryl compounds, uptake, 
Goldzieher, Rawls, and Goldzieher, 
519 
See also Heart 
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Mycobacterium: Enzyme formation, 
substituted benzoic acids, effect, 


Bernheim, 775 

Myeloma : Bence-Jones proteins, Putnam 

and Stelos, 347 

Proteins, Putnam and Stelos, 347 
N 

Nitrogen: Pituitary growth hormone, 

end-groups, Li and Ash, 419 


Nonylic acid: a-Amino derivatives, res- 
olution, Birnbaum, Fu, and Green- 


stein, 333 
Nuclease: Desoxyribo-. See Desoxyri- 
bonuclease 


Nucleate: Sodium desoxyribo-. See So- 
dium desoxyribonucleate 
Nucleic acid: Desoxypentose. See Des- 
oxypentose nucleic acid 
Desoxyribo-. See Desoxyribonucleic 
acid 
Ribo-. See Ribonucleic acid. 
Nucleinate: Desoxyribose. See Desoxy- 
ribose nucleinate 
Nucleotide(s): Coenzymes, photosyn- 
thesis, Buchanan, Lynch, Benson, 
Bradley, and Calvin, 935 
Desoxyribonucleic acid, distribution, 
density, Tamm, Shapiro, Lipshitz, 
and Chargaff, 673 


Diphosphopyridine. See Diphospho- 


pyridine nucleotide 


oO 


Octanoate: Metabolism, pyruvate, po- 
tassium, and lithium, effect, Geyer, 


Bowie, and Bates, 625 
Oxidase: Tyrosine. See Tyrosine oxi- 
dase 


Xanthine. See Xanthine oxidase 
Oxygen: Equilibrium, hemoglobin, fetal 
and adult, Allen, Wyman, and Smith, 
81 


Pp 


Pancreas: Phospholipides, phosphorus 
32 incorporation, enzyme secretion, 
relation, Hokin and Hokin, 967 

Penicillin: Biosynthesis, carbon 14 pres- 
ence, Martin, Berky, Godzesky, Miller, 
Tome, and Stone, 239 





Penicillin—continued: 
G, radioactive, degradation, Tome, 
Zook, Wagner, and Stone, 251 
Penicillium chrysogenum: Phosphorus, 
Kita and Peterson, 861 
Phenylalanine: L-, determination, Uden- 
friend and Cooper, 953 


Phenylpyruvic oligophrenia, hydroxy- 
lation, Udenfriend and Bessman, 
961 
Phenylpyruvic oligophrenia: Antipyrine, 
Udenfriend and Bessman, 961 
Phenylalanine hydroxylation, Uden- 
friend and Bessman, 961 
Phenyl sulfate: Synthesis, enzymatic, 
adenosinetriphosphate réle, De Meio, 
Wizerkaniuk, and Fabiani, 257 
Phosphatase: Alkaline, intestine, fast- 
ing and fat feeding, effect, Tuba and 


Robinson, 947 
Liver, Novikoff, Podber, and Ryan, 

665 

Phosphate(s): | Adenosinetri-. See 


Adenosinetriphosphate 
Binding, glyceraldehyde-3-phosphate 
dehydrogenase reaction and, Velick 
and Hayes, 545 
Exchange, acceptor-free system, phos- 
phorylation, oxidation, Lee and 


Eiler, 705 
— mechanism, phosphorylation, oxida- 
tive, Lee and Eiler, 719 


Radioactive, phosphorylation, oxida- 
tive, study, use, Lee and Eiler, 

705, 719 

Phospholipide(s): Pancreas, phosphorus 

32 incorporation, enzyme secretion, 


relation, Hokin and Hokin, 967 
Phosphorus: Penicillium chrysogenum, 
Kita and Peterson, 861 


Phosphorylation: Coupled, a-ketoglu- 
tarate oxidation, enzymatic, rela- 
tion, Kaufman, Gilvarg, Cori, and 
Ochoa, 869 

Oxidative, phosphate exchange, ac- 
ceptor-free system, Lee and Eiler, 
: 705 

—,— —, mechanism, Lee and Eiler, 
719 
—, —, radioactive, use in study, Lee 
and Eiler, 705, 719 
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Photosynthesis: Carbon path, Buchanan, 
Lynch, Benson, Bradley, and Calvin, 


935 
Nucleotide coenzymes, Buchanan, 
Lynch, Benson, Bradley, and Calvin, 
935 


Pituitary: Growth hormone, nitrogen 
end-groups, Li and Ash, * 419 
Placenta : Ketonic compounds, saturated 
and a,8-unsaturated, determination, 
Pearlman and Cerceo, 127 
Polypeptide(s): Lysine, methyl orange 
anions, interaction, Wetlaufer and 
Stahmann, 117 
Polyribophosphate: Hemophilus influen- 


zae, Zamenhof, Leidy, FitzGerald, 
Alexander, and Chargaff, 695 
Polysaccharide(s): Shigella flexneri, 
Slein and Schnell, 837 


Streptococcal capsular, biosynthesis, 
Topper and Lipton, 135 
Potassium: Octanoate metabolism, py- 
ruvate and, effect, Geyer, Bowie, and 
Bates, 625 
Propionate: Milk constituents, precur- 
sor, Kleiber, Black, Brown, and Tol- 
bert, 339 
Protein(s): Bence-Jones, myeloma, Put- 


nam and Stelos, 347 
Lipo-. See Lipoprotein 
Myeloma, Putnam and Stelos, 347 


Prothrombin: Physical properties, Lamy 
and Waugh, 489 
Pteridine: Compounds, guanase, effect 
in vitro, Dietrich and Shapiro, 89 
Purine(s): Acid-soluble, metabolism, 
virus reproduction, Koch, 227 
Biosynthesis, Williams and Buchanan, 
583 
-Requiring Escherichia coli mutants, 
growth, 5-hydroxyuridine effect, 
Slotnick, Visser, and Rittenberg, 
647 
Pyridine :3-Acetyl-. See Acetylpyridine 
Pyrimidine diphosphate(s): Ribonucleic 
acid, isolation, Cohn and Volkin, 
319 
Pyruvate : Octanoate metabolism, potas- 
sium, lithium, and, effect, Geyer, 
Bowie, and Bates, 625 





INDEX 


R 


Rhodospirillum rubrum: Tricarboxylic 
acid cycle, Eisenberg, 815 
Ribonucleic acid(s): Chemical constitu- 
tion, Cohn and Volkin, 319 
Degradation, snake venom diesterase, 


Cohn and Volkin, 319 
Pyrimidine diphosphates, isolation, 
Cohn and Volkin, 319 


Ss 


Salmon: Testes, sodium desoxyribonu- 
cleate preparation, Emanuel and 
Chatkoff, 167 

Sarcosine : Formaldehyde isolation, Mac- 
kenzie, Johnston, and Frisell, 743 

Serotonin: Antimetabolites, Woolley and 
Shaw, 69 

Yohimbine and ergot alkaloids, anti- 
metabolites, Shaw and Woolley, 
979 

Shigella flexneri: Polysaccharide, Slein 
and Schnell, 837 

Skin: Sterols, Jdler and Baumann, 389 

—, chemical constitution and Lieber- 
mann-Burchard reaction, Jdler and 
Baumann, 389 

Snake: Venom diesterase, ribonucleic 

acid degradation, Cohn and Volkin, 
319 

Sodium desoxyribonucleate: Prepara- 
tion, salmon testes, Emanuel and 
Chaikoff, 167 

Steroid(s): Chemical transformations, 
adrenal perfusion method, Levy, 
Jeanloz, Marshall, Jacobsen, Hechter, 


Schenker, and Pincus, 433 

Jeanloz, Levy, Jacobsen, Hechter, 

Schenker, and Pincus, 453 

Meyer, Jeanloz, and Pincus, 463 

Meyer, 469 
17-Keto-. See Ketosteroid 


Liver, cholesterol synthesis, adminis- 
tration effect, Tomkins, Sheppard, 
and Chaikoff, 781 

Sterol(s): Skin, Jdler and Baumann, 
389 

—, chemical constitution and Lieber- 
mann-Burchard reaction, Idler and 
Baumann, 389 
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Streptococcus: Group A, hyaluronic acid 
biosynthesis, Roseman, Moses, Ludo- 
wieg, and Dorfman, 213 

— —,— — biosynthesis, glucose-1-C™ 
utilization, Roseman, Moses, Ludo- 
wieg, and Dorfman, 213 

Polysaccharide, capsular, biosynthe- 
sis, Topper and Lipton, 135 

Sulfhydryl: Compounds, uptake, ad- 
renal, liver, and muscle, Goldzieher, 
Rawls, and Goldzieher, 519 

Sulfinic acid: Aminoethane-. See 
Aminoethanesulfinic acid 


g 


Taurine: Formation from cysteine in 
vivo, mechanism, Awapara and Wingo, 
189 
Testis: Salmon, sodium desoxyribonu- 
cleate preparation, Emanuel and 
Chaikoff, 167 
Tetrahydrocortisone: Urine, isolation 
and determination, 6-glucuronidase 
use, Baggett, Kinsella, and Doisy, 
1013 
Thrombin: Pro-. See Prothrombin 
Thymus: Apurinic acid, properties, 
Tamm and Chargaff, 689 
Desoxypentose nucleic acid and ions, 
interaction, Shack, Jenkins, and 
Thompsett, 373 
Transphorase: Coenzyme A. See Coen- 
zyme A transphorase 
Tricarboxylic acid: Cycle, Rhodospiril- 
lum rubrum, Eisenberg, 815 
Trypsin: Chymo-. See Chymotrypsin 
Tyrosine oxidase: System, liver, Wil- 
liams and Sreenivasan, 613 
—, —, cofactors, Williams and Sreeni- 
vasan, 605 
—,—,— required, Williams and Sreeni- 
vasan, 109 


U 


Undecylic acid: a-Amino derivatives, 
resolution, Birnbaum, Fu, and Green- 
stein, 333 





Uricolysis: Human, Wyngaarden and Stet- 
ten, 9 
Uridine: 5-Hydroxy-. See Hydroxyuri- 
dine 
Uridine diphosphate: Acetylglucos- 
amine, Cabib, Leloir, and Cardini, 
1055 
Urine: Corticoids, conjugates, hydroly- 
sis with 6-glucuronidase, Kinsella 
and Glick, 1003 
Baggett, Kinsella, and Doisy, 1013 
Lipides, neutral reducing, hydrolysis 
with 8-glucuronidase, Kinsella and 
Glick, 1003 
Tetrahydrocortisone, isolation and de- 
termination, §-glucuronidase use, 
Baggett, Kinsella, and Doisy, 1013 
Uterus: Endometrium, metabolism in 
vitro, estradiol effect, Hagerman and 
Villee, 425 


Vv 


Venom: Snake, diesterase, ribonucleic 
acid degradation, Cohn and Volkin, 


319 

Virus: Reproduction, biochemistry, 
Koch, 227 
—, purine, acid-soluble, metabolism, 
Koch, 227 


Vitamin(s): Bi, homocystine methyla- 
tion, poults, relation, Kratzer, 
367 


x 


Xanthine oxidase: Factor, molybdenum 
relation, Richert and Westerfeld, 
915 


¥ 


Yeast: Coenzyme A and lipide synthesis, 
relation, Klein and Lipmann, 


95 
Yohimbine: Serotonin antimetabolite, 
Shaw and Woolley, 979 





